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ABSTRACT

{Distribution Limitation Statement No, 2)

Techniques are described for simulating blast-type transient surface loads of
nearly exponential pulse shape having characteristic times (impulse/peak pressure)
rmging from 10 to 1000 psec (the quasi~impulsive range for cylindrical shells
~pout 1 foot in diameter)., Pressure-time histories are measured at various
positions around and along cylindrical models 3.5, 6, and 12 inches in diameter.
A basic set of loads is obtained consisting of two limiting pressure distributions,
an asymmetric distribution typical of side exposure to a normally incident blast
wave, and a symmetric distribution typical of nose-on exposure. All of the loads
are cbtained using sheet explosive charges of various forms, from flat to semi-
cylindrical to completely cylindrical surrounding the model and flat charges
suspended £t various standoffs in a shock tube. In support cof the experiments,
the self-similar sclutions for blast waves from intense explosions are used to
calculate the range of sheet charges needed to produce loads of interest and

to show that the corresponding spherical charges become much tco small and much
too large for practical application near the extremes in load duration. Approx-
imate formulas are also derived (the Korobeinikov theory) for the variation of
peak pressure with distance from plane, cylindrical, and spherical charges. The
range of validity of the formulas extends from high pressures, where the self-
similar solutions are valid, to acoustic shock pressures. Experimental measure-
ments from the present program and from compiled blast data show excellent
agreement with the theury over the entire range.
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SECTION I

INTRODUCTION

This report is concerned with economical methods for simulating
transient surface pressure loads, simiiar to those produced by blast
waves, on cylindrically shaped cbjects. The subject has wide appli-
cation because these loads are produced by a variety cof weapon effects
and cylindrical shapes appear in a variety of structures (e.g., aircraft,

missiles, satellites, and reentry vehicles).

The work is a direct extension of the study of response of reentry
vehicle~type shells to blast lcads under the HARTS program.1 There;
long duration loads were produced by shock tubes, and a limited range
of moderately short duration loads, intermedjate between shock tube
and impulsive loads, was produced by explosive spheres. However,
methods were nnt available for producing the entire range of inter-
mediate duration loads with a minimum of explosive (less than 100 pounds).
This report describes techniques developed to cover this intermediate

range.

1. Features of Weapon Effect loads

Surface lcads from a variety of weapon effect52 have three common
features that mske simulation with blast waves possible: the prrssure
is applied by a gas, it varies smoothly around the surface, and the
pulse shape (time history) consists of a sudden rise in pressure followed
by a decay to zerc pressure. These are the essentiasl features of the
diffracted pressures experienced on the leading surface of a vehicle or
model enveleped by a biast wave. A complete description of the pressure-
time history at every point on the model I8 quite involved, but to in-
vestigate structural ragpomse it is usuelly sufficient to characterize

the load by the product of a pressure distribution and a pulse shape,

i.e., the pressure distribution can be treated as the game at every

PYPRSEEN — P - - -
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instant with the pressure varyiry simultaneously around the model

at a
single time history. Actual loads differ from this ideaslization; for
example, & blast wave takes a finite time to sweep over the model and,

also, the low pressure on the far side of the model rises slowly rather

than suddenly., However, these complicating features are generally secon~

dary, eithexr because time differernices are small compared to structural
respon3e times,; or because the area in which the pressure is not proper-

ly represented by a product form is at a relatively low pressure,1

The pressure distribution for a particular weapon effect depends on

the orientation of the model relative to the on-coming ioad source. For

example, rudiation induced surface loads on a cylinder illuminated from
one side produces a cos 9§ distribution over the i1lluminated side, and

no pressure cn the shaded side, Side exposure to intense blast waves

produces an approximately cosze distribution over the exposed side

superimposed on a relatively low pressure that can be treated as uniform

around the circumference. End-on exposure results in pressures sym-

metric around the circumference, while intermediate incidence angles

result in varying degrees of asymmetry. Two representative'distribuw

tions are sketched in Fig. 1. There is no end to the number of distri-

butions that can be imagined, but it is reasonable to expect that the
distinguishing feature of a load distribution is its degree of symmatry,
and it is common practice to divide weapon encounters into two basic

types, side-on (asymmetric) and nose-on (symmetric). Asymmetric loads

are the most probable and generally result in more severe structural
damage and have therefore received the most attention.

Separation of surface loads into asymmetric and symmetric types

is a logical division for structural respomse, The primary response of

& cylinder or cone to symmetric loads is the development of hoop mem-

brane stresses and possibly buckling. For asymmetric loads, a net side

load must also be sustained; this gives rise to beam bending and shear
forces and &lso to large end resction forces at points of attachment,
possibly éagsing cracks or local yielding. Accelerations of internal

components are also generally mcre severe for asymmetric loads. These
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FiG. 1 REPRESENTATIVE PRESSURE DISTRIBUTIONS AND PULSE SHAPE

observations suggest that the extremes of structural response can be
examined by testing with normally incident side~on exposure and with
nose-on exposurce, Tests on cylindrical shellsl demonstrate that the
exact pregsure distribution of a side~on load is secondary and, in fact,
for shell buckling, critical pulses for demage from asymmetric loeds can

be nearly the same as from symmetric loads.
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The essentizl features of the pulse shape are exhibited by the
exponintial pulse

where P is the peak pressure, t is time, and to is a characteristic

time re}ated to the total impulse under the pressure-time curve by

to = 1/P. A sketch of this pulise i8 shown in Fig. 1. The sensible dura-

tion of the pulse is about 5t°. Actual pulses differ from this exponen-

izl shape, but the value of 5 is a representative ratio between

gensible duration and an artificial charzzteristic time defined by I/P.

For either the idealized exponential or the actuz. pulse, selection of

a sensible duration is quite subjective; to avoid this difficulty we

shall use instead the artificial characteristic time to = I/P for any

puise. If the pulses do rot differ widely from a single pulse shape,

they can be characterized by two parameters, for example peak pressure L
and impulse, or peak pressure and characteristic time. Surface loads

from weapon effects of intere it here have pressures ranging from many -
kilobars to & few bars, and characteristic times ranging from a fraction

of a microsecond to many milliiseconds.

2. Basis for Simulation and Structural Response Investigations

To determine structural response to each weapon effect separately
would be both expensive and time-consuming. If the problem is inverted,
however, and structural response is first determined for a range of
loads significant to the structure, it will then be relaéively easy to
determine structural response for a particular weapon effect. To fully
exploit this approach,it is essential that structural response be under-
stood oves the entire range of loads; only then can the influence of ~
load characteristics én structural response be discussed in terms of the

structure rather than in terms of a specific weapon effect,

pr— e A A - - - - -
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From the preceding discussion, and arguments given in Reference 1,
we take the essential surface load parameters to be veak pressure,
impulse, and, to a lesser extent, the symmetry of the pressure distri-
bution, An adequate description of the strength of s given structure
for weapon effects work can then be obtained by tests using two pressure
distributions, one symmetric and the other asymmeiric, and pressure
pulses ranging in neak pressure and impulse over the range of signifi-
cance to the structure. All of the remaining details of the actual
loads are expected to be of secorndary importance., These include effects
of pulse shape (e.g., triangular vs, exponential decay), detailed pres-
sure distribution (e.g., ¢os § vs. c0529 load on one side, or the
effect of smell pressures on the unloiaded side) and time phasing (e.g.,’
inexact simulation of the time for a hlast wave to sweep over the model).
Since this simp}ification is merely a reasonable assumption and not an
a priori conclusion, the approach is to examine the effect on structural
response of changing these details within the capabilities of simple
tests, If the resulting effects are indeed small, then the main bulk
of experiments can be run using more standard tests with fewer parameters,
This results in a systematic method for determining structural vulner-
ability and avoids the excessive expense of attempting "exact’ simulation,

which can never be attained,

Peak pressure and impulse are chosen as the twc parametexrs to
characterize the pulse because these are the significant parameters at
each extreme of pulse duration; for very short durations response depends
only on impulse and for very long du:ations response depends 6n1y on peak
pressure., For intermediate values the response depends on both pressure
and impulse. Critical curves for a given extent of damuge often have
a hyperbolic shape in the pressure-~impulse plane; for example, Fig. 2
(taken from Reference 1) shows curves for simple cylindrical shells of
aluminum subjected to asymmetric loads. In this plane, lines of constant
characteristic time to are rays through the origin or, in the log-log
plot of Fig. 2, parallel lines at unit slope. To experimentally deter-
mine critical damage curves, methods must be available to provide pulses
taroughout the entire region of interest in the pressure-impulse plane

for both asymmefric and symmetric loads,
5
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FIG. 2 PRESSURE-IMPULSE DIAGRAM FOR SEVERAL SIMULATION METHODS
(for 6-inch~diometer cylinders; hyperbolic curves are buckling thresholds
for 6061-T6 cluminum shells, L/D = 1)

3. Methods of Surface Ioad Simulation

The range of application of the simulation methods used in the

previous programs is a8lso shown in Fig. 2, for 6-inch-diameter models.
Loads in the region of very short pulses, wo the left of the to =
9.9 msec line, are obtained with explosive sheet or gaz detonated

adjacent to the mode:.z’s’4 For loads of intermediate duration the ‘
two steep curves on tine left give tne peak pressure and impulse at the
point of maximum pressure for side exposure to blast waves from 0.5 and
4-pound charges, The parameter veried on each curve is the distance

(standof?) from the model to the charge. For long duration loads the
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three curves at approximately 450 on the right are for side exposure to
6

blast waves from explosively driven shock tubesl’s' 10, 30, and 100

feet long. The parameter varied on these curves is the weight of ex-

plosive in the shock tube.

The object of the present investigation is to provide better lcad-
ing methods in the intermediste region between cvontact loads and shock
tube loads. Characteristic times in this region range over 0,01 < to <
1 msec, a factor of 100. Since the characteristic time for a given
pressure varies in direct proportion to the charge radius and Lence as the
cube root of spherical charge we:i.ght:,’.l spherical charges ranging in
weight by a ratio of more than 106 would be required tc cover this regionm.
For example, at surface pressures near 2000 psi, from Fig. 2 a one-pound
sphere gives to = 0,03 msec. To obtain to = 1 msec would require a
charge weighing more than (1/0.03)3 = 37,000 pounds, much too large for
economical use. At the other extreme, to obtain a pressure pulse at
1000 psi and the lower limit of interest, to = 0.01 msec, would reguire
2 charge of 0.0l pound, much too small for structural testirg. Further-
more, the rapid variation of peak pressure with standcff from a spherical

charge makes accurate adjustment of pressure difficult.

All of these shortcomings~—-excessively large charges and charges so
small that they do not provide coverage of the model, and extreme accuracy
requirements on standoff distance--¢an be overcome by using sheet charges.
In their simplest form these con3ist of a flat sheet of explosive suspended
in air as for spherical charges. Unlike the sphere, however, at distances
from the sheet small compared to its laterzl dimensions the blast wave
expands in only one dimension rather than in three. ~hus for a fixed avea,

charge weight varies with the first power of the characteristic time rather

*This simple geometric scaling applies to the pressure pulse ircident
upor the model. For very Ierge charges the impulse experienced on the
model would be smailer than given by this rule because of flow around
the model, thus requiring a still larger range of charge weights,

The term sheet charge is used to designate any charge in the form of a
two--dimensional surface, whetheil it is flat, curved, or in the form of

a complete cylinder. It may or may not be made of sheet explosize, a
name reserved here Yor plasticized PETN explosive, made by Du Pont under
the registered trade nemes Detashcet C ard Detasheet D.

7
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6
than the third, thereby reducing the required weight ratio from 10" to

102. Blast loads of iaterest can be obtained with average explosive

< e m— pmsi

sheet thicknesses ranging from a few mils to something less than an
inch, To maintain the lateral dimensions of the charge large compared
to the standoff requires excessively large charge areas for distances
greater than a few feet. At theses larger distances the charge can be
placed in a shock tube to maintain cne-dimensioral flow, At very smell
distances the charge must be curved partly around the model to cbtain
an appropriate pressure distribution and loading simultaneity; in the

limit it hecomes & contasct charge. Thus sheet charges coatinuously epan

the load region of interest and at ecach extreme merge continuously with

contact charge and shock tube techniques,

A pressure~impulse diagram similar to Fig. 2 can a’iso be drawn for
symmetric loads., 1In this case the sheet charges (both contact and
standoff) take the form of cylinders completely surrounding the model,
and in the shock tube the model is pointed nose-on down the tube (with
a suitable ncse~tip, if not already part of the model). For either sym-
metric or asymmetric loads on models about one foot in diameter, the char-

acteristic times whichk (somewhat arbitrarily) divide contact charges; sheet

; blest charges, and shock tube techniques are 10 Msec and 1 millisecond., A

schematic diagram of the corresponding load regions is shown in Fig. 3.
Contact techniques are limited onr the left by minimum practical sheet
or gaseous explosive thicknezses, and shock tube techniques'axe limited
on the right by the econouics of making very long shock tubes.

e
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SECTION 11

SUMMARY

1. Theory

Using the self-similar theory of intease explosions; it is shown
in Section 111 that blast waves from flat sheet charges heve free-field
pressure~time histories very similar to those from spherical charges.
Thus, at these high overpressures, shect charges give a good simulation
of spherical blast waves. The theory is zlsc used to make a quantita-
tive comparison between the explosive required in the two gecmetries.

At lower pressures, further from the explosion, the self-similazr
theory underestimates the pressure becsuse the energy of the ambient gas
enveloped by the blast wave is neglected. Using an approximation sug-
gested by Korobe:inikov, it is shown that the deray of peak pressure with
distance from the charge, taking into account the initial pressure Py
of the ambient gas, can be expressed by very simple formulas for all
three geometries. Peak incident shock overpressure is given by

P
2 _, _ 4 z[ ~2 1/2]
—pl 1 Y"‘IA 1+ (Q1+A7) (1}

where Y is the specific heat ratio of the ambient (ideal) gas and A
is given by the following formulas in each geometry:

-2

Plane Waves A = 9ayR all R .
- ,
3
Cylindrical W A2 [1ean” REE T
ylindrical Waves = - 1
16V aYRa/Z R=>2 (2) )
;
- 2 [25a® Rs2
Spherical Waves A = 2 R r
S0vR [Ln(—z-) + J] Rz22 :

Epie Yt )
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In each case R is a dimensionless radius defined in terms of the actual
radius (standoff) x by

. E i/v
R = o , r°= . (3)
o \pl

where v =1, 2, or 3 in plane, cylindrical, or spherical geometry, re-
spectivyly, and Eo is the energy deposited in the blast wave by the
expiccive, given approximately by the yield energy of the explosive per

nit area, per unit length, or total energy, for v =1, 2, or 3. The
parameter ¢ in Eg. (2) is a function of Yy in each geometry; for air, .
y=1.4and ¢ = 1,075, 1.C0, and 0.85 for v =1, 2, 3. Taking

Eo = 1430 cal/gm for 50/50 pentblite,* Eq. (2) gives pressures within

5 percent of compiled experimental data for spherical charges to pressures
as low as (pz/pl) -1 = 0,03. Good agreement is also fou.d for the

plane blast waves measured here, but measvied pressures extend only as

low as (pz/pl) - 1=x2.

2, Simulation of Asymmetric Loads

The desired range of quasi-impulsive loads was obtained with
(1) flat sheet charges placed on the ground, with the model suspended
above them, and (2) flat sheet charges placed in a 2~foot-diameter shock
tube with the model at the open end of the tube, Standoff distances
were varied from a few inches to 20 feet, and the sheet charge thick-
ness was varied from a few mils to a few tenths of an inch. Pressure-
impulse curves for these techniques are given in Fig. 4. The three
uppermost curves are for charges on the ground at standoffs of 0,5, 1,
and 2 feet, and the four icwer curves are for charges in the shock tube
at standoffs of 2.5, 5, 10, and 20 feet. T@e parameter varied along
eech curve is the density (or equivalent thickness) of the charge in

pounds per square foot and in mils.

—
A mixture of PETN and TNT.

11
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FIG. 4 PRESSURE-~IMPULSE CURVES FOR ASYMMETRIC LOADING TECHNIQUES
{6=inch=diameater mede!)

Loads were also determined for larger standoffs from charges on the
ground, but the same loads can be obtained with less explosive by using the
shock tube, Similarly, standoff: somewhat smaller than 2.5 feet can be
used in the shock tube, but greeter complications &rise in initiating
the charge at many points to obtain a nearly plane blast wave. (This
difficulty is avoided for charges on the ground by using & running
detonation, which is acceptable bectuse there are no tube walls from
which the resulting oblique shock can reflect to give undesirable second-—
ary shocks on the model,) The crossover standoff of about 2 feet between

the two téchniques is satisfactoriiy within thege limitations for the

12
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s=-inch~diameter model and 2-foot~diameter shock tube used here. Impulses
at the same stindoff are about 40 percent higher in the shock tube be~

cause there is no loss from lateral expansion.

Comparison of the measured peak pressures with iie self-similar
theory shows that over the entire range of loads the peak pressure is
the reflected pressure that would be experienced on a flat, rigid wall.
Pulse shape is approximately exponential as in Fig. 1. At the larger
standoffs, however, an exponential fit to the main body of the pulse
gives a peak pressure of only about 70 percent of the measured initial
pressure, possibly because the duration of diffraction flow is short
compared to the tota% pulse duration. The distribution of peak pressure
around the front half of the model, facing the blast, was found to be
given within #£10 percent by

p = (Pr - Pi) cosze + P —90o <g§ < 90° (4)

i
where Pr and P1 are the reflected and incident overpressures. Few
measurements were made on the back half of the model because the pres-
sures were very low compared to the front face pressure and mechanical
gage vibrations made accurate measurement difficult., These pressures

were always less than P

and , since ?r > > P, for loads of interest,

i i
were considered to be of little importance for structural response.

3. Simulation of Symmetric Loads

Figure 5 gives pressure-impulse curves for symmetric loads obtained
using (1) unconfined cylindrical charges and (2) flat charges in the
shock tube with the model facing axially down the tube and backed by a
plate so that the model experiences the ref;ected pressure propagating
from the back plate, The data are less extensive than for asymmetric
loads because these techniques were previously untried and the experi~
ment 3 were mainly exploratory. The upper two curves show that cylindri-
cal charges 2 feet and 4 feet in diameter give loads having characteris-~
tic'times neay to = 50 and 100 Msec. The lowermost curve shows that
the shock itube gives loads having t° A 1500 #sec when the charge is

placed at the base of the tube (standoff x = 18,5 feet),.

13
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FIG. 5 PRESSURE-IMPULSE CURYES FOR SYMMETRIC LOADING TECHNIQUES

(6-inch-diameter madel)

Satisfactory loads having to ~ 500 Msec could probably be obtained
5 feet in the shock tube, but still smaller

by placing the charge at x

standoffs could give objectionable shock decay along the length of the

model and durations of the incident pressure pulse comparable to that

of the reflected pulse from the model back plate,

This lower limit of

pulses obfainable in the capped shock tube technique is indicated by the
aashed curve in Fig. 5. Pulse times from t, = 160 to 500 ksec would

require cylindrical charge diameters larger than 4 feet, which may give

difficulty in maintaining the stability of the imploding shock.

at the 4-foot-diameter, sigr.ificant variations in peak pressure arcund

14
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the model were observed in the highest charge density shot. A continuing
experimental and theoretical study would be required to give a range of

symmetric loads compsrable to the range of asymmetric loads demonstrated

in Fig. 4.

4. Variations in Load Distribution and Pulse Shape

A series of experiments were also performed to explore possible
methods for varying load distribution and pulse shape, To vary load
distribution, the technique of varying charge density around the model,
which had already been demonstrated to provide variations in impulse
distribution for contact charges, was applied to sheet charges at stand-
offs of a few feet. It was found that charge density variations in a
flet charge had little effect on pressure distribution. Density varia-
tions in a curved charge, however, had a strong effect on pressure dis-
tribution. In fact, changes in curvature (from flat to semi-cylindrical
around the model) at a constant charge density also gave significant
changes in pressure distribution. Using both flat and curved charges
pressure distributions from cosze to uniform over the loaded side were
obtained.

Changes in pulse shape were studied for shock tube loads using
volume charges of various lengths and density distributions. Flat
charges (as used for Fig. 4) were found to give the most satisfactory
simulation of expected high altitude pressure pulses. Charges having a
stepwise variable density, most dense near the model, gave pulse shapes
approaching that of the flat charge but had undesirable pressure jumps,
probabiy caused by the discontinuities in charge density. Such charges
should be used only if the stresses in the shock tube from the localized,

more intense flat-charge explosions would cause tube damage.

15
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Section IX1

SIMUIATION OF ASYMMETRIC LOADS

Asymmetric loads are more probabie and tend to be more damaging
than symmefric loads and are therefore trsated first and more extensively.
The theoretical feasibility of using sheet chsvrges is demonstrated and
tﬁen.extensivé megsureménts.of pressure, impulse, and pressure distribu-~
tion around cylind;ical models are given for free expsnsion from flsat
charges and for flat charges suspended in a twe-foot-diaucter shock
tube.

1. Theoretical Pressure Pulzes

Before describing the experimental results it is helpful to make a
theoretical estimate of sheet charges required for the desired pressure
pulses and compare them with the corresponding spherical charges. This
can be done using the theory of blast waves from intense explosions
given in Section VI, Near the explosion the gself-similar theory gives

the fcllowing expressions for peak incident pressure 1 and time scale

th:
-V
b1 Ty > (5)
Py @, 2+ v)" (y+ 1)
o \V2 F ‘
tfv = -p_l— s\anv (6)

where Py and Py are the pressure and density of the undisturbed
ambient gis ahead of the shock, Y 1is the specific heat ratio, v is
an index having values v =1, 2, and 3 in plane, cylindrical, and
spherical blast waves, and a, is the corresponding constant. The
distance ?rom the center of the charge to the shock front is denoted
here by xv and in Eqs. (5) and (6) appears in the dimensicnless form

16
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Rv , normalized to a characteristic length in each geometry according to

X, E \Vv
R = ;3 , s = (=Y (7
gV v AY pl

In each geometry Ev is the effective release energy of the charge,
having units of energy per unit area in plane geometry, energy per unit
length in cylindrical geometry, and total energy of the chsarge in spheri-

cal geometry.

a, Comparison of Spherical and Plane Blast Waves

We fii'st compare the incident pressure pulse shapes from plane
ang’spherical charges. These are shown in Fig. 6, taken from Fig. 52a
with the time scale for the plane wave compressed by a factor of 2 to
give close agreement at early times, With this modification,the two
pulses are nearly identical until p/pi falls below 0.2. At later
times the pressure decays more slowly for the plane wave, but the dif-
ference is8 not great and effects not treated in the self-similar theory
would terd to make the pulses more nearly the same., Similar comparisons
of the dersity, particle velocity, and dynamic pressure behind the shock
can also be made; these again show some differences between the two
waves but the similarity is close enough that plane blast waves give a
gocd simulation of spherical blast waves.

EKnowing that the pulse shapes are similar, we can now compare
the charge weights and standoff distances xv for plane and spherical
blast waves that give the same peak pressure and duration. Equating

peak pressures from Eq. (5) gives

25
R, = -53 R3 = 2.16 RS, (8)
1 9“1 3 3

in which o, = 1.075 end @, = 0.85 have been taken for Y =1.4 as

%*
The notation here is slightly changed from that in Section VI because

wayes of different geometries are being compared; a subscript v 1is
used here and r0 is replaced by sv to avoid confusion.

17
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discussed in Section VI. From Fig., 6 the durations are made comparable

by taking 2t£1 = trs' Using this in Eq. (6) resuits in

; 1/2 3/2 _  1/2 5/2

o= 200 8 R =g 83 Ry ®)
Combining this with Eq. (8) yields

1{ 27\ % -2 _ 0.137 2

£ 173 (125) %, % Rs Z '3 (10)
e x

=

& Prom the def ' nition of sv in Bq., (7), 8, ia proportioral to the

: thicknens of the sheet charge (weight per unit area) and 84 is pro-~
portiona.l‘to the radius of the spherical cherge (sg is proportional to
18
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the totsl charge weight). In these terms Eq. (10) becomes

0,137 2
= ~ = 1
v 5 WS, or W3 81 X v (11)
x
3
where vy is veight per unit area of the sheet charge and Wa is total

weight of the spherical charge., Copbining Eqs. (8) and (10) with the
definition of Rv from Eq. (7) gives

X, = = X 12)

Equations (11) and {12) are the desired relations between
charge sizes and model-to-charge distances and are applicable for
pressure pulszs in the range of approximate validity of the self-similar
approxirpation. This range is rather narrow (5 < pi/p1 -1< 50), but
the corresponding range in reflected pressure with P, = 14.7 psi is
300 < P, < 5000 psi, which happens to be the range in which many struc-
tural models of interest are damaged. Alse, since Eqs. (11) and (12)
are comparative, their range of validity is probably somewhat larger
then the range of absolute accuracy of the self-similar theory. From
Eq. (12) we see directly that the space required for a sheet charge
experiment is inherently less than that required for a spherical charge,
the standoff distance being vnly 30 percent of that for a spherical
charge. From Eq. (11) we see, as expected, that at large distances
(long gurations) 2 great savings in weight can be achieved by using one-

dimensional blast waves.

b. Estimates of Sheet Thickness and Standoffs

As discussed in Section I, the model pulse characteristic times
for whica sheet charges appear attractive are in the range 10-5 < to <
10-3 sec. Using the self-similiar theory, the range of sheet charge
thicknesses end standoff distances required to give these charagteristic
times for the incident pressure pulses can be estimated. The theory will
also prove valuable later in interpreting peak pressure measurements in

the experiments.
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the model is the reflected pressure P, corresponding to the incident

. pressure p, . Figure 7 gives & ploi (taken from Section VI) of Py and
P, versus R for flat charges, using the seli-similar theory for small
R and an asymptotic theory for large R.

pressure at various incident pressure durations csn be calculated from
We first use definition (7) to obtain

Eq. (6).
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As the experiments will show, the pesk pressure experienced on
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To obtain & modei overpressure
ratio of 200 (giving & pressure of about 3000 psi at sea level) Fig. 7
requires that Rl = 0,012. The explosive thickness tc produce this
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where h is the explosive thickness and Y 1s its effective release

energy per unit voiume. PEIN has an encrgy release of about 1600 cal/gm
2

which, at a 1.4 p,n:/cm3 density, gives Y 251011 ergs/cm . Substiteting

A Y -

Eq. (13) into Ef. .3) gives for the explosive thickmess .
/2 .
S N e W Y/ —%-/-o- t (14
Y o0, ] R 2 £1

Comparison of Figs. 1 and 6 shcus that to a reasonable approximation

tfl for plane blast waves can be used as the equivai:gf'exp:?enf;al
characteristic tixe to. Thus se can substitute 20 = < to < 10
directly into Eq. (14) wivk p, = 10° dyne/cn?, py = 1.293 x 1073
gm/cn3, Y= 1011

h at this pressure:

erxs/cm3, and Rl = 0.012 tc obtain the range for

0.0020 < h < 0.20 cm (15)

‘fo obtain the corresponding standoff distances, we use Eqs. (7) and (i3)
to get

which, with Eq. (15), yields
2.4<x<240 cm (16)

Since the characteristic times of the diffracted pressures
neasured on cylindrical models are scmwewhat less than the incident
times (about half, and decreasing with increasing standoff, as we shall
see) Eqs, (15) an¢ (16) give lower bounds on the required values.
Doubling *hese values we obtain standof! distances from about 2 inches
to 20 feet and explosive thicknesses (rom about 2 mils to 0.2 inch.
These ranges can be reasonably obtained experimentally. The lower lixit
of 2 mils for explosive thickaess cannct be obtained in a continuous

sheet, but thin extruded rods of explosive can be used to give am average
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thickness of 2 mils at a spacing small compared to the 2-inch standoff.
At pressures appreciably velow the 3000 psi example here, however,

gsseous explogives would have to be used to maintain durations as short
as 10 Psec.z’3 The upper limit of x = 20 ft requires a shock tube to

maintain one-dimensional flow, as already observed in Section I.

3
By comparison, the spherical charges corresponding to the

ravge of flat charges in.Eq., {(15) and (16) become impractical at each
extreme. Using Eqs. (11) and (12) and an explosive density of 1.4 gm/cma,
the rarpyge of spherical charge weights and standolffs are

6

1.30 <¥, <1.38 x 10° gn

(17
8 « x3 < 800 cm

2. Experimental Arrangements

a. Model Support snd Charge Layout

The general arrangement typical oi most of the field expueri-
ments is shown in Fig. 8. The chargeg are layed on a ome-inch-thick
steel plate resting on a bed of sand. Considering the plate as a rigid
wall, this doubles the effective yield of the explosive as compared tc
expansion from a charge freely suspended in air, The model is held in
a stand large enough to be used over charges 12 feet square. Standoff
is adjusted by raising or lowering the entire cross frame, Coarse ad-
justment is made by sliding the frame over the four pipe legs: fine
adjustment is made by telescoping screw jacks at the base of each leg.

The charges in Fig. 8 are zll made of Primacord:kshich consists
of PETN packed in s polyethylene sheath and textile braid. Primacord
was used for most of the shots because it is relstively inexpensive
{about 33 per pound of core logding) and is readily svailabie from locali
suppliers in sizes from 25 to 400 grains of PETN per foot. Detasheet
explosive is conceptuslly more desirable thax Primacord because it comes
in sheet form and can be roclled to any desired thickness greater than
15 mils, the limit for reliable detonation. Howewer., Detasleet is

*x
Primacord is & registered f;udemark of the Ensign Bickford Company.
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FIG. 8 (Concluded)
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is relatively expensive (about $10 per pound for Detasheet C and $25 per
pound for Detazsheet D) and must be orderéd several months in advance,
Detasheet was therefore used only for equivalent sheet thicknesses and
standoffs too small to be obtained with Primacord. The very lightest
charges were made using Detasheet D extruded into 0.028-inch-diasmeter

rods weighing sbout 4 grains/ft.

The majority of the charges were made of parallel strands of
Primacord as in Fig. 8b with a single cross strand (at the left in the
figure) for detonation., Early in the program a few charges were made
by weaving Primacord as in Fig. 8a to increase detonation reliability.
These are time consuming to make and the single strand method of detona-
tion proved just as reliable so woven charges were discontinued, In the

parallel strand configuration, the charge weight per unit area is

12 in,./ft ] g(grains/ft)

7000 grains/1b  S(in.) (18

w (psf) =

where g is thke Primacoxd size and S 1is the strand spacing. For a
given charge density w, the Primacord size and strand spacing can
generally be chosen small enough that the charge appears as a continuous
sheet at the model standcff., No detail~d investigation of the maximum
allowable strand spacing was made., Instead, a spacing rule was adopted
that allowed reasonable shot assembly and then a few shots were fired

at coarser spacing for comparison,

The spacing rule is

x:
3 16

where x is the standoff distance between the charge and the closest
point on the model. This rule insures that the strength of the cylin-
dricel shocks from individual strands at radius S/2 wheare they first
intersect (see Fig. 9), is large compared to the overall "plane" shock
arriving at standoff x., From Eq. (43) for v = 2, the cylindrical shock
pressure at S/2 within the self-similar approximation is

E
8 2 8 _._& as)

P
s 0[2(4)"’0( + 1) (8/2)° Y+ 1 48
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where G 1is the energy release per unit length of Primacord explosive,
Similarly, the plane shock pressure at x is

‘

[SIABOUERS s et
. .

" _ 8 f_;__s G

> = . (29)
q1(3) {y +1)

Py

T

Yy+1 Q%Sx

a0t
H

#; ) in which we have used E, = G/S. The pressure ratio is

2 p, 9

3 -2 = -;-1-§=2.42-;-‘ {21)
E‘ & Py %2

For x/8 = 16, 'ps/px = 38,

Another interpretation of fixing x/5 at a large value is that

it makes the pressure P, arriving at x from each strand, if it were

T I

. ~ to act individunlly, small compared to the effective overall plane shock.
Witkin the gelf-similsr approximatioxn, P, is found by replecing S/2
in Eq. (19) by x:

p, = 8 . _G 5
;- 16a2x

HY 26




P 9q.8
P2 . 0.61-2 (22)

by 160

for x/S8 = 16, pz/px = 0,038. This result is changed only slightly if
the more accurate expressions in Eq. (60), taking into account the
ambient pressure Py are used to calculate P, and P Many experi-
ments were also run with =x/S = 8, and smoothly decaying model pressure
pulses were recorded. It was concluded that x/S = 16 is a conserva-
tive spacing rule and that spacings at least as coarse as x/S = 8 can
also be used where the minimum available explosive size does not allow

x/8 = 16.

Figure 10 gives a loading chart for x/S = 16 and currently
available Primacord sizes. The points indicate configurations for
which experiments were run in the current program. Since 50 and 25
grain/ft sizes have only recently become available, load points for
these sizes were run using 40 grain/ft Primacord at x/S = 20 and
x/8 = 10. Charge densities used ranged in multiples of 2 from 0.0143 psf
tc 0.456 psf. Corresponding Detasheet thicknesses for the same smount
of PETN can be calculated using a PETN density of 1.12 gm/cm3, which is
80 percent of the total 1.4 gm/cm3 Detasheet density. The resulting
Detasheet thicknesses range from 2.5 to 78 mils. It is probable that
the coarser strand spacing rule x/S = 8 could also be used, extending
the lower limit of available charge densities by shifting the curves

down by a factor of 2.
b, Charge Size

In the foregoing theory, it has been assumed that the flat
charge is infinite in extent. Tc estimate the effect of finite charge
size on peak pressure and impulse, a series of experiments were run using
rectangular charges as in Fig. 8 with sides of lengths b in the ratio
b/x = 1, 2, and 3 relative to the standoff. Three series were run, one
with x = 2 feet and w = 0.114 psf, one with x = 2 feet and w = 0.456
psf, and one with x = 4 feet and w = 0.114 psf. The averages of the
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. FIG. 10 PRIMACORD LOADING CHART FOR x/S = 15 (points

ore shots fired in pres~:t progrom)

datas from all three sets of experiments are plotted in Fig. 11, with

7 pressure and impulze (at g = 00, facing the blast) normalized to their
values for b/x = 2. The datz show thet the increase in pressure and

- impulse in going from b/x =2 to b/x = 3 is smrll, and suggest that
even at b/x = 2 the pressure is within about 10 percent of its infinite
sheet value and impulse is within about 30 percent. Both decrease
rapidly aﬁ b/x falls below 2. In the remainder of the experiments

[
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FIG. 11 PRESSURE AND IMPULSE VERSUS
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b/x was therefore fixed at 2.*, Comparison of the absolute magnitudes of
the pressures and impulses with the infinite sheet theory is deferréd un~
til later.
c. Shock Path and Model Orientation
In addition to the ckarges being of finite size, they also

differed fron the simple one-dimensional theory because they were not

detonated simultaneously over their entire area. Instead, a single

detonator was placed in one cormer (see Fig. 8) and detonation took

¥

from the charge the shock angle is sufficiently skallow that the one-

piace along a d:igonal line sweeping over the charge. At some distance

dimensional theory is adequate. Figure 12 shows the apparent shock pathbs,

*At x =1 with large charge densities, a diagonally detonating charge
gave pressures lower than predicted ard also a humped pressure profile
because of the diamond shape of the charge. Data from these charges
were therefore deleted in favor of the sheet explosive charges to be
described next.

Detonation proceeds at 7 mm/Hs:c along each Primacord strand, pasrallel
to the side cf the charge. Since each successive strand is initiated
at & slightly later time by the edge straad running &t right angles,
the effegtive detonation front moves parallel to & diagonal at velocity
7 co8 45 = 5 mw/Meec,
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FIG. 12 SHOCK TRANSIT TIMES AND APPARENT SHOCK PATHS FOR DIAGONALLY
DETONATING PRIMACORD CHARGES
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1

obtained from accumulated dats on shock transit time to the mcdel from

the time the detonation passe:s the center of the charge. These are not

strictly the shock paths because in each shot the measurement was made

TR
£

X after the entire charge had detonated--we do not have a steady detonation,
E so time and distance carnot be interchanged. However, since Fig. 11 indi-~
cates that the peak pressure is near the infinite sheet pressure, the
curves in Fig. 12 give a good indication of the shock paths. Shock angles
%: at the model range from about 25 degrees at small distances from heavy
charges to about 10 degrees at large distances from light charges.

i Two orientations of the model relative to the shock path were
studied, transverse and longitudinal, as sketcked in Pig. 13. Each
method has advantages. In the transverse placement the shock arrives

; sirultaneously along the length of the model at normal incidence to an
angle eo! giving the maximum possible peak pressure and minimizing end
- effects. In the longitudinal orientation the shock arrives at angle eo

relative to the model axis, giving lower pesk prcssure and aggravating

T
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FIG. 13 SHOCK IMPINGEMENT FOR TRANSYERSE AND LONGITUDINAL MODEL
ORIENTATIONS (both drewm for x = 2 feet and w= 0.114 psi)

possible longitudinal variation of pressure because of end effects.
These disedvantages were found to be minor and the advantage of knowing
that the pressure distribution is symmetric sabout § = 0, without prior
knowledge of eo’ was considered to be more important in the present
program. The majority of the experiments were therefore run in the
longitudinal orientation to avoid having to adjust the pressure gage
orientation tp g = eo (the slopes eo of the curves in Fig. 12 were
not known at the outset of the program). Longitudinal detonation also
gives a continuous transi®ion to the contact techniques, which also use
a detonstion sweeping along the model axis. In studying methods for
modifying pressure distribution, longitudinal detonation is almost im-

perative to insure symmetric pressure distributions.

d. Sheet Explosive Charges

Charges made Ffrom Detasheet were used only at small standoffs,
at which the range of equivalent siieet thicknesses available from Prima-
cord is limited (see Fig. 1¥/). To reduce the shcck anglc as much as
pnssible at these standoffs, Detasheet charges were oriented with their

sides parallel to the model axis as in Fig. 14 so that the detonation
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FIG. 14 DETASHEET CHARGE

wvave swept along the charge at the full detonation velocity of 7.3 mm/

f'sec. Also, at swmall standoffs,the size of the model, rather than the

magnitude of the standoff, dominates charge size and b/x must be maede

larger than 2, Foer 0.5 foot and l-foot standoffs, the charges were
mede with b/x = 3.

Figure 15 is the loading chart used for sheet explosive. For

siteet thicknesses greater than 30 mils, solid sheets of Detasheet C can
be used. At smaller thicknesses Detasheet D must be used because Deta-

sheet C does not detonate well below 30 mils. For the same reason,

below 15 mils Detasheet D wes cut into strips and spaced spart with a
spacing rule of x/S = 12

where possibie, and with x/S = 6 for smaller
aversge thicknesses.

For still lower loads, 38-mil-diameter extruded

rods were used; the lowest loads were obtained using 28-mil-diameter rods,

the smallest cross section that will detonate. At a standoff of 3 inches

*
the smallest obtainable average thickness is about one mil.

*
Pressure and impulse data from the 3-inch standoff shots are not

reported because they were not extensive enough to allow comprehensive
treatmwent.
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e. Other Charge Configurations

To investigeste meihods for modifying the pressure distributions
2 J " from those 2btained with the flat charges descr:lt;ed sbove, curved charges
1 and charges of nonuuiform density were also used., These are described
in Sections IV and V.

-
L.
5 . 3. Surface Loads from Flat Primacord Chsrges

Irn this section we will examine the pulse shape, pressure distri-
bution, pesk pressures, snd impulses from Primacord charges at x = 1,

aktatanaeiard &)

2, and 4 feet. In the majority of the experiments the model cylinder
was steel; § inches in diameter and 15 inches long with a l1-inch wall
thickness., Pressure was measured with Kistler model 601H and €03H

AR
)

gages. To nmeasure circumferential pressure distributions, gages were

T

mounted at the center of the model at 22.5 degree intervals over one-
half of the circumference and at 45 degree intervals over the other
half. Possible axigl variations in pressure were measured with gages
munted 3 inches ir from each end, giving 3 geges inell 2t 9§ =0
{facing the blast). These are denoted by 01, (¢} aid’ and 02, in the
erder in which the biast sweeps over the model as seen in Fig. 13b.

In Section I11.6 data are given fromx 3.5~ snd 12-inch-diameter wmodels
jastrumented in 2 sinilar manner. Further deteils of the mwodels and

presgure instrisentation are givem in Reference 1.

&. Pulse Shag

As in the pressure pul)ses measured from explosive sphe:res;,1
surfece pressure pulses from sheet charges are very nearly exponential
. in shape. Example pulses are given in Fig. 16 for x = 4 feet with w
ranging from 0.02735 to 0.228 psf, and in Fig. 17 for x = 2 feet and
1 1 foct at the extremes in w. In Fig. 18 s pressure record tvpicsl of
those in Figs. 16 aud 17 is plotted o1 semi~log paper ito show the close-

nes3 to xn exponential decay. The measured pressure in this record does

not ¢iffer from an exponential until it has decayed to about 1/6 of its
initial valie,
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(a) w=0.0275 psf, SHOT FP-69 (b) w = 0.055 psf, SHOT FP-68
SWEEP RATE: 200 usec/ct SWEEP RATE: 10Ousec/cm

‘c) w= 0.114 psf, SHOT FP~70 (d) w=0.228psf, SHOT FP—T71
SWEEP RATE. I00usec/cm SWEEP RATE :UPPER [0Nusec/cm

LOWER 200pusec/cm

FIG. 16 PRESSURE PULSES AT # = 0_., FROM FLAT PRIMACORD CHARGES
AT x = 4 FEET (upper traces pressure, filtered at 120 kc; lower traces
integrals, unfiltered)

Becaure of this exponential behavior, semi-log pressure plots
were used to extrapolate back to the "true" peak pressure P (3000 psi.
in the example) from the highest pressure the gage vas able to record
within the frequency band limitation of the gage and signal filter.
Direct and extrapolated pressures were generally within 15 percent of
«uch other, Impulse was meaczured by electronically integrating the

pressure signal, These are the lower traces in Figs. 16 and 17.
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(b) w= 0.228 psf, SHOT FP—{i9
PRZ3SURF. UNFILTERED

|—~FOOT STANDOFF {SWEEP RATE 50pusec/cm)

{(a) w=0055 psf, SHOT FP—-6l

(c) w=00275psf, SHOT FP—65

(d} w=0.456 psf, SHOT FP—T74
2-FOQT STANDOFF (SWEEF RATE 100usec/cm)

FIG. 17 PRESSURE PULSES AT 4 = C_,, FROM FLAT PRIMACORD CHARGES
AT x = 1 FOOT AND 2 FEET

b. Pressure Distribution

Figure 19 gives pressure pulses measured at various angles
around the front face of “ne model for x = 4 feet and w = 0,114 psf.
The pulse shape is about the same at each gage, and peak pressure falls
off approximately as cosze. The records from gages near g = :4.-90o have
a different appearance, largely because the pressure is much Zower and
the signsl-to-noise ratio is therefore much lower, Pressures on the back
side of the model (not shown) do not rise suddenly with the shock, but
the pressures are so low that this difference in pulse shape in unimpcr-

tant.
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3 FIG. 18 SEMI-LOG PLOT OF PRESSURE PULSE

A plot of peak pressure at each gage location versus charge
density is given in Fig. 20 for x = 4 feet, Data from the smooth curve
fits in Fig. 20 are plotted in Fig. 21 as a function of angle, and the

raw data points are repeated. The dashed curve in Fig. 21 is from the

: i formule

3 P= (P ~-P) cosze + P -90° < 9 < 90°

< r i i

: (23)
D, -

( P= P 90° < g < 270°
BRI 0

3 where Pr is the observed pesk overpressure at § = 0 and Pi is

3

the incident overpressure to give Pr as & reflected overpressure

; (us;ng, for example, Fig. 7). As the example curve shows, pressures

/

from this empirical fcrmula coincide with the experimental curves out

AN T Wt
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(b) 8 = 0; {LOWER TRACE ! msec/cm
BY MISTAKE}

T RS

187 5/ R

- B , i ; . \ B . m
(f) g=67.5° (g) 8 =90° (UPPER) AND 270° (LOWER)

FIG. 19 PRESSURE PULSES ALLONG AND ARODUND MODEL (Shot FP=70, x = 4 feet,
w=0.114 psf, signals filtered at 120 ke and recorded at 100 psec/cm except us notad)
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to about 8 = 800. Measured pressures further around the model are
lower than given by Eq. (23), but in either case are too low to have
a significant effect on structural response. Pressure distributions

measured for x = 1 foot and x = 2 feet are also represented by

o P e A e
f

Eq. (23) within the experimental error of about %10 percent.
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FIG. 21 MEASURED PRESSURE DISTRIBUTIONS OVER
FRONT FACE OF MCDEL FOR x = 4 FEET

TR

¢, Peak Pressure and Impulse

ekl L e

Plots of peak pressures and impulses at 9 = 0 are given in
Fig. 22, .Although peak pressure depends directly on both charge density
and standoff, impulse over this small range of standoffs appears to !
= depend almost entirely on charge density, One would expect the impulse

for a tixed charge dersity to be smailer for a larger standoff, but the :

pay

measuremehts show that any difference is hidden in the small scatter

in the data of Fig. 22; therefore & single impulse curve is drawn for
all three standofis.
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FiG. 22 PEAK PRESSURE AND IMPULSE VERSUS CHARGE DENSITY

(for running detonation of Primacord charges)
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The pressures in Fig. 22 can be compared with the theory of
plane expension from an iatense explosion given in Section Vi. To make
this comparigon the explosive yield of Primacord is sassumed to be
1570 cslories/gm. This is at the lower extreme given for PETN (from
1570 to 2C00 cal/gm) b; xinney7 ;;é is chosen becaitse the FETN here is

packed at a relatively low density and, furthermore, the Primacord

. plastic and braid sheath tend to reduce the effective yield by absorbing

wore chemical energy than they relesse., Aasuming this yield, the energy

*
release in ergs/cm2 is

I 454 2
gn ft 7 ergs

E.=1lw psf —— 4.19 x 10

1 eff ] [ 1b (30.5 cm)z “cal

(24)
E, [ X82 ) - 3.21 x 10" w __ (pst)
1 2 - ’ eff
cm :
where w is the effective charge density. For the charges here

etf
v = 2w because they are on the ground and expansion is confired to

eff
one direction.ry From Eq. (7) the characteristic length is

3.21 x 1020 & ezes

El eff cm 4
31 = == 6 dvnes = 3.16 x 10 weff cn
P1  1.013 x 10 -Zi‘-z—
cnm

or, dividing by 30.5 ca/ft

8 (ft) = 1040 Vors (psi) (25)

Using 8, fror Eq. (25), the pressures in Fig. 22 are replotted
against . R = x/s1 in Fig. 23. Data from all three standoffs fall on a

* - ~
It is unfortunate that cgs units could not be used throughout, but feet,
inches, and pounds were firmly entrenched in the shot makeup and hard-

ware,

Several shots were fired st x = 2 feet from charges freely susperded in
8ir to confirm that the eifsctive charge weight is doubled for confined

charges.
' 42

3

E2

“ Al au\zw?




Pe/Pi i

priate.

<

IR

23R ST amntin
<

1000

— T T T 7177 T T T
500 |- ~
N RN
B N\,
N
200 - FIELD SHOTS /\ AN
(RUNNING DETONATION)
100
.
50 |-
20 P~
0 [ N N RN ! | L ritig
QocH 0602 0.005 0.0l 002 005 o
R=x/s,
GA-5£35-108

FIG. 23 COMPARISON OF THEORETICAL
PEAK PRESSURES

AND EXPERIMENTAL

single curve, demonstrating that the normalization to s

1 is appro-

The curve is therefore sizply labeled "running detonation” to

emphasize that this is the most significant depariure from a truly one~-
dimensional wave,

At the low pressure end of the data (overpressure

43

theoretical and experimental curves have the same slope.

ratio abcut 20, or about 300 psi), the measured pressures are only a
. feJ percent smaller than the theoreticsl curve.

Furthermore, the

At higher

_ pressures (avove about 1500 psi) the measured pressures begin to fall
awgy from the theoretical curve until at R = 0,003 the measured pressure
. iz less than half the theoretical prussure.

This difference is caused

partly by the neglect of real ges sard explosive behavior in the seir-




) similar -theory, and partly becruse the shock angie caused by the rumning
detonation {see Fig. 13) increases with decreasing R, thereby giving a
lerger difference from the normeliy refiected shock sssumed fu the theory.
Pressures from shouk tube experiments (to be described later), in which
thte shock was always normslly iacident upon the model, are in cloaer
agreement with the theoxy.

The data from Fig. 22 are replotted in the peak pressure-

% ) impulse plane in Fig. 24. The curves for each standoff are roughly

. parallel to the constant time lines, giving to =~ 40 Psec at x = 1 foot
’ to 1:0 =5 160 Bsec at x = ¢ teet. These curves are discussed more fully
at the end of Section I1II.S5.
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2o FIG. 24 PRESSURE-~IMPULSE CURVES FOR RUNNING DETONATION

. OF FLAT CHARGES
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4, Surface loads from Flat Tietasheet Charges

Pressure pulses were measured for sheet explosive charges at
x = 0.5 and 1.0 feet. Typical records are shown in Fig. 25 for x =
0.5 foot. As at the larger standoffs usiug Primacord, these pulses are
exponential in shape. Pressure distributions differ from those given
by Eq. (23) becsuse the standoff is now so small that it is comparable
t£o the model diameter. However, the significant decrease in pressure
caused by the increase in shock travel distance with increasing § can
be tsken into account by adjusting at each 8 the reflected pressure
P, in Eq. (24), using the curves established for P. versus Xx.
Pressures calcileted by this procedure agree with measured pressures

within the precision of measurement.

(b) h=8.8mils

FIG. 25 PRESSURE PULSEL AT 6 = 0 FOR SHEET EXPLOSIVE CHARGES
AT x = 0.5 FEET (sweep zate 20 usec/rm)}
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Peak pressures and impulses sre pletted against average explosive
thickness in Fig. 26. Agein, to the accuracy of the dats, impuise
depends only on explosive thickness, To compare the pesk pressures o
witk theory, s, is calgulated usirg 1570 cal/gm of PETN content
{about 80 percent by weight) in the Detasheet. This is the same yield
used for Primecord asnd should give comparsble results, because the
20~-perc:nt nonexplosive binder ingredients in Detasheet reduce the yield

in the same way s the sheath in the Primacord. The release energy per

10,000 T T T7T7T1T] T T T T TTT] 000
- cy —
3 — -
? 5000 |- ~ 50,000
: I i
e T §
X 2000 - —1 20,000
W -
g )
l
1000 7 < TMPULSE - 10,000 w
-] ‘—?" .
. / 4
p/ I 5000
© — 0.50ft
o~ 1.00ft — 2000
L i bbbl L L L Lt
10 20 50 10 20 . 50 '001000
SHEET THICKHESS, h  —-miks cans336-109
FIG. 26 PEAK PRESSURE AND IMPULSE VERSUS AVERAGE THICKNESS .

OF SHEET E¥PLOSIVE CHARGES




unit area for an effective thickness heff is then

o

E, [ZE%\|h _om||0.8p l—1570 cal [-4.19 x 107 £Xg8
1 2 eff L gm cal
cm cm L

10
= 7.37 x 10 heff (cm)

where p = 1.4 gm/cm3 is the overall density of the explosive and
0.8 p is the PETN content., The characteristic length is

7.37 x 100 __ E¥EBS

El eff cm2 4
Sy {em) = == = T = 7.26 x 10 heff (cm)
Pr 1013 x 100 2
cm
For s1 in inches and heff in mils
s1 (in.) = 72.6 heff (mils) (26)

Using heff = 2h, the pressure curves3 in Fig. 26 give a normalized

curve very nearly coinciding with the normalized curve in Fig. 23 for

.running detonation of Primacord., Thus in Fig. 23 no distinction is

made between Primacord and Detashe<t, Similerly, the pressure-impulse
curves for Detasheet are merely an extension of the curves in Fig., 24

fo§'Primacord, extending pulse times down to to =~ 25 Msec.

5. Surface loads from Flat Chagggg Confined in a Shock Tube

At standoffs greater than a few feet, it is impractical to maintain
one-dimensional flow by keeping the charge dimensions large compared ' o
the standoff. A better arrangement is to place the charge in a shock
tube as in Fig. 27 so that the walls of the tube maintain one-dimensional
flow, Some icss occurs because of friction along the sides of the tube,
but the comparison to theory given later suggests that this effect is nct
serious for X/D <5 and causes a decrease in pressure of at most 40 per-

cent at x/D = 10 (D ic tube diameter). It becomes impractical to use
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FIG. 27 ARRANGEMENT OF FLAT CHARGES IN SHOCK TUBE

the shock tube at standoffs less than a few feet because detonation of
the charge must be nearly simuitaneous to initiate one-dimensional flow,
At large standnffs, multipoint symmetric initiation is satisfactory, but
at smull standoffs it is more convenient to use single point initiation
of 2 running detonation, which is the scheme aliready described in the
preceding secsziuns. Running detonation cannot be used in 2 shock tube
because it results in an oblique shock (Fig. 13) which would reverberate

against the tube walls,

Charge arrancement and method of detonation in the shock tube are
shown in Fig. 27. The charges were made of Primacord grids and were
simultanepusly initiated at 7 points by a lead-in spider of 40 grain/ft
primacord, The mocdel waz placed at the open end of the shock tube and
the ~harges were placed at standuffs of 1, 2,8, 5, 10, and the total
20-foot length to the closed end of the shock tube, At the 20-foot
standoff, expsnsion from the charge was confined by the bottom of the
tube {0 one direciion; as in the field charges on the ground, At

smaller standoffs, howevezr, the charges were suspended on low density
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(about 2 1b/ft3) styrofoam pads so the blast was free to expand in both
directions from the charge. At these inteymediate standoffs the reflec~
ted shock from the bottom of the tube zrrived at the model much later
than the direct shock and was aiways at a much smaller pressure. In the
worst case, at the 10-foot standoff, the model pressure from the re~
flected shock was less than 15 percent of the direct shock model pres~

sure (see Fig. 28d), which can safely be neglected in structurasl testing.

a, Pulse Shape and Pressure Distribution

Typlcal pressure pulses at each standoff are given in Fig. 28,
Pulses at various charge densities for a 10-foot standoff are given in
Fig. 29, The main body in all the pulses is exponential in shape,
followed by a low pressure tail which decays at a2 lower rate., In some
cases the exponential is preceded by an initially more rapid decay. In
all cases, except at the 1-foot standoff, the entire decay in pressure
is quite smooth as seen by the integrated pressures (the lower traces).
At the 1-foot standoff the method of charge initiation does not give a
sufficiently plane shock wave and shocks reflect from the tube walls.
Also, at one foot the pressure measured at the center of the model was
as much as twice the pressure measured at either end gage. However,
at x ; 2.5 feet, pressures from all three gages rlong the model length
were generally within a few percent of each other and chowed no tendency
for the pressure at the center of the model to be larger. Variation in
pressure a.cound the model was again reasonably weil approximated by
Eq. (23).

b, Peak Pressures gnd Impulses

Figure 30 gives peak pressures and impulses plotted against
charge density. Each data point is an average from the three § = 0O
gages along the shell, Data for x = 1 foot are omitted for the reasons
Jjust discussed. The pressures at x = 2,5, 5, and 10 feet scale very
closely to the one~dimensional blast theory in Fig, 23, i.e., the curves
are merely shifted along the w-axis by factors of 2. The dotted curve

foer- x = 10 feet is the curve for x = 5 feet shifted by 2 and falls very

close to the solid curve, dravn through the 10-foot data. One would
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(c} x =5ft, SWEEP RATE =500pusec/cm (d) x=10ft, SWEEP RATE=500usec/cm

ezErmm

(e) x=20ft, w, =0.52psf x 2,
SWEEP RATE = Imsec/cm

FIG. 28 SHOCK TUBE PRESSURE PULSES AT STANDOFFS FROM 1 FOOT
TO 20 FEET .allat w= 0.316 psf except w - 0,52 psf ~ 2 in (e}]
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{c) w=0.630psf, SHOT STI0-93 {d) w=126psf, SHOT STI0O~92

FIG. 29 SHOCK TUBE PRESSURE PULSES AT 10-FOOT STANCOFF

expect the 10-foot curve to fall below the theory because of friction
losses along the tube wall. The upper dat. ponint for x = 2.5 feet is
slightly below its curve, but this is attr! 'uted to poor records on

this sbhot. The pressure curve for x = 20 ieet should fall on the

x = 10-foot curve if the one-dimensional theory were still applicable,
because the charge is at the bottom of the tube and the effective charge
weight is doubled. Instead, the curve lies a factoxr of about 1.6 to the
right of the solid 10-foot curve and 1.7 to the right of the dotted
curve, This wide divergence from theory is probably caused partly by
still further wall friction losses at this large standoff and, perhaps
more important, because the charge was actually a few inches above the

bottom of the tube, thereby spreading out the initial front of the shock,

The magnitudes of the pressures in Fig. 30 were compared with the

intense explosion theory using Eq. (28) and Fig. 23 as for the field shots.
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Data for x = 2.5 feet, 5 feet, =2nd the dotied curve in Fig, 30 for

x = 10 feet all fall on a single curve in Fig. 23. This curve coincides
with the running detoration curve at the row nressure =nd, snd at higher
pressures lies closer to tl.e theoretical curve thun the running detona-~

tion curve, as one would expect, because here we have nermal shock inei-
dence,

Impulses for x = 2.5 feet and x = 5.0 feet are given by a
single curve in Fig. 30 to the accuracy of measurement, The impulse
curve for x = 10 feet lies about 15 percent below the 5-foot curve,
and the 20-foot curve (after it is shifted to the right by a factor of
2 to account for effective charge doubling) lies about 25 percent below
the 10-foot curve, Thus, as in the field shots, impulse depends mainly
on charge density, but here %ne standoff is becoming large encugh that

impulse per unit charge density is decreasing meunsurably with standoff.

A pressure~impulse plot of the data in Fig. 30 appears in
FPiy. 3i along with data from the running detonation field shots. The
x = 4-foot curve for the field shots is omitted for clarity and because
in pracvice it is more convenient to prepare shock tube charges than
the iarge 8 x 8~foot charges required in the field at x = 4 feet. The
P,I curves for the field and shock tube data fall nicely together into
2 set c¢f nearly parallel curves, but it is apparent that at a given stand-
off, impulse is higher in the shock tube, Imagining an interpolated
curve dre2wn for x = 2.5 feet for the field shots, the corresponding
x = 2,5-foot shock tube curve gives pressures from 30 to 50 percent
larger. This difference is attribunted to pressure decay in the field
shots caused by the finite size of the charges {see Fig, 11},

Also drzwn in Fig. 31 are critical curves for damage of & weak
cghell »ad a strong shell, both taken from Reference 1. The weak shell
is a2 simple unsupporied §061-T6 aluminum shell with radius-to~thickness
ratio a/h = 100 and lerngth~to-diameter ratio L/D = 1. The strong
shell has a/h = 24 and is covered by a Micarta*shell with a/h = 12. The
sheet charge pressure-impulse curves span the region between f{hese two

shells and between the to = 10 Msec and to = 1000 Bsec lines, as desired,

*
Micarte is & registered tradename of Westinghouse Eleatric Corporation.
53

B N aha L R ) VST

o LA

PEIR SO




DR 8 ALy v b ot

T e

5000

10000 i LR \I I iylly
1

® 2000

& 2
3

" )

g - &

@ 1000 P

(9]

i (2]

& £

x x

< <

[t1)

& %00 &

200 FLAT CHARGES

IN SHOCK TUBE\\
—i0
- —-—
E/N \o‘f ]
100 a1 3 AN Pt 2 13V
1000 2000 5000 10,000 20000 §Q000 100000  20Q000
IMPULSE~—+aps

GA-5335-114

FIG. 31 PRESSURE-IMPULSE CURVES FOR ASYMMETRIC LOADING TECHNIQUES
(6-inch~diameter mode})

The characteristic times to = 1/P in Fig. 31 can be comparcd

to the incident pulse time scales t calculated using Eq. (6) from

f1
the strong shock theory. For w = 1 psf in the shock tube at x = 5
1 tfl = 458 Usec,

From Fig. 31, to for the point x = 5 feet, w = 1 psf, is 200 Ksec.

Teet, this equation, with s. from Eq. (25), gives

As expected, this time is smaller than tfl’ the ratio being to/tfl =
.44, Further down the curve, st x = 5 feet and w = 0.05 psf,

tﬂ = 1750 KEsec and to = 400 Mgec, giving a ratio to/tfl = 0,23. On
the Detasheet curve at x = 0.5 foot and h = 10 mils (heff = 20 mils),

Eqs. (5) and (26) give t_ = 3€.3 HEsec and Fig. 31 gives to = 26 Hsec;

fl
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the ratio is to/tfl = 0,71, &hese comparisons show that tfl is a

crude but useful estimate for to’ wi.th to being abcut hialf of tfl
for high pressures and decreasing to about gne-fourth ox tfl for *he
lower pressures and larger standoffs here. A better estimate for mddel
impulse I and time to could be obtained by calculating the reflected
impulse Ir from a flar, rigid wall and taking tr = Ir/Pr‘ This would
require extensive computer calculations of the type in References 8 and

9, but the usefulness of the results would certainly justify the effort.

All of the curves in Fig, 31 extend easily %o lcads greater tharn
the strong shell damage curve, a2nd a1l but the x = 8.5-foot curve can
be extended Delow the weak shell curvi. At small standoffs the explosive
spacing rule S/x ;'6 and mininum explocive rod size discussed in
Section III.2 allows impulses only as esmall as aboui 100C taps at x =
0.5 foot. However, impulse: as low as 1060 taps can be obtainsd with

2,¢
gaseous explosives.”’

6. Effects ¢f Model Size

The pressure-impulse curves in Pig. 31 are spplicable oniv to 6-inch~
tiameter models because pressure decay, and therefore impulse, depends
upon model size. In the limit of an extremely large model (or small
standoff) the impulse is maexinum, egual to the reflected impulse frem a
flat, rigid wall, As the model becomes smsller and smeller (or ‘he
standoff becomes larger and larger) quasi-steady flow is established
around the model in a time short comsazed to the total blast duration.
The pressure quickly drops from the reflected pressure to # decaying
drag pressure and the impulse is determined by dragz flow rather than
by diffraction flow. For very long pulses the diffraction flow is so
short compared to the drag flow that the peak pressure is more appro-
priatzly associated with tke stagnation pressure. Then pressire and

impuise intensity nc longer dGepend on model size.

The 6~inch~model size was selected for most of the experiments
described in this report, because it is a corvenient size fnr structital
models, However, smaller and larger structural models ar~ often used

and, to give some indication of the change in impulse with djameter, a
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(a) 2-FOOT STYANDOFF
w=0.057 psf

(b) 4-FOOT STANDOFF
w20.1!14 pst

FIG. 32 ARRANGEMENT FOR DETERMINING £FFeCT
OF MCDEL SIZE (3.5-incb ond 12-inch-dicmeter

Cylindcrs)
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¢f shots at x = 2 feet are given in Fig. 33 along with impulse data
from the previous shots on the 6~-inch model, The difference in impulse
on the models is largest at the smallest charge density, with impulse on
the ]l2~inch~diameter model being about 1.4 times that on the 3,5-inch-
diameter model at w = 0,03 ysf. At the other extreme, w = 0.45 psf,
the impulse ratio is only about 1.1. In a shot at w = 0,114 psf and

x = 4 feet, the impulse ratio was 1.3, These differences ian impulse

are not much larger than possible errors of i0 to ZC vpercent in reading
the impulse, caused by inaccuracies in gage sensitivity and, more im-
portant, in low pressure drifyv due to gegs heating and other effects,
Nevertheless, the smaliness of the change in impulse with model size
observed here shows that the prossurve-~impulse curves in Fig. 31 can be
used a8 estimates for larger and smaller models; more accurate estimates
can be made over a limited range by carrecting with the cid of the ratios

above,

50,000 T | I
20,000 -
2
o2 10600
| | ]
W [ 12-inch diom :
3 [~ 6-inch diom
T 8000 - ~
= 3.54nch diom
- —
2000 i~ —
1060 | Lo b i L1
0.0l 00z . COo5 Q10 020 050

CHARGE DENSITY ~— psf
GA~£935-118

FiG. 23 IMPULSES ON 3.5~, 6=, AND 12-INCH-DIAMETER MCDELS
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SECTION IV

SIMULATION OF SYMMETRIC LOADS

The methods described here for simulating symmetric loads are
logical extensions of the methods just described for asymmetric loads,
To obiain quasi~impulsive loads, the rlat charges on the ground were
replaced by cylindrical charges complotely surrounding the model, agsin
at standoffs of a few feet. To obtain longer duration loads, the shock
tube was used as it was for asymmetriec lozds, but the model was pointed
down the tube with its axis ir line with the axis of the shock tube.
The experiments repoxrted here are not as extensive as these described
for asymmetric loads because emphasis_was on feasibility of the fech~
niques rathexr than extensive calibration. Considerable further work,
both theoretical and experimental, is necessary tc exploit the tech~

niques described here,

1. Surface loads from Cylindrical Charges

Cylindricr.l charges 2 feet and 4 feet in diameter wera made by
stringing Primecoxrd strands between cartwheel end frames as shown in
Fig. 34, fThe rigid model was 6 inches in diameter, giving corresponding
staﬁdoff distances of 0.75 and 1.75 feet, For both diameters the dis~
tance between end fremes was 3 feet and the charges were initisted by &
cone of Primacord strands at one end, resulting in a nearly circular

detonation front sweeping axially along the model,

Pulse shape was generally exponential, as i{ was foxr asymmetric
loads, Pressure pulges at the lightest and heaviest chsrge densities
used at each diameter are given in Fig. 35. As Fig. 36 zhows, the
distribution nf peak pressure around the model wase satisfactorily unj-
form in 911 but cne shot. in all of the 2-foot-diameter shots pesk
pressure was uniform within #10 percent. At 4 feot the sprend was
slightly larger, but siill acceptable, except at the heaviest charge
density, for which peak pressure varied from 4500 to %090 psi, Impulse

was always very nearly uriform sround the model, even in this shot.
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(a) 2FOOT DIAMETER CHARGE, w = 0.0915 psf
40-grain PRIMACGRD ON 0.75-inch CENTERS,
SHOT <-88

(b) 4-FOOT DIAMETER CHARGE, w=0.023 psf
40-grain  FRIMACORD ON 3-inch CENTERS,
SHOT C-i20

FIG. 3¢ CYLINDRICAL CHARGES FOR SYMMETRIC
QUASI-IMPULSIVE LOADS
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(a) w=00230sf (SHOT C-42) {b) w = 0.092pst (SHOT C-88)
2-FOOT DIAMETER CHARGES (x =0.75 ft)

800Cpsill A
T 046.0K taps

Gy

(d) w=0.115psf {SHOT C-87)

(c) w=0.029psf (SHOT C-86)

4-FOOT DIAMETER CHARGES (x =1.75f1)

FIG. 35 PRESSURE PULSES FROM CYLINDRICAL CHARGES ([filtered at 120 ¥c,

50 ysec’/cm sweep in (o) and (b), 100zsec/cm in (c) and (d)}

Thus the pressure pulse at 9000 psi decayed more rapidly than the pulses
at 4500 psi. One would expect the pressure to fluctuate more for tne
larger diameter charge ause of imperfect covergence and instability
of the imploding shock, but it is not evident whether the largest pres-
sure fiuctuwations coccurred at the highest charge density by chance, or
because of inherently poorer convergence as charge density increases.
Unsymme?t "ic convergence also caused some changes in the initial shape

of the pressure pulse, reducing the peak pressure and giving it a flat
or rounded top. Thece changes were not serious and were observed in

only a few of the moure than 50 pressure records,
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FIG. 36 VARIATION IN MEASURED PRESSURES AROUND THE CIRCUMFERENCE

Peak pressure and impulse versus charge density at each radius are
given in Fig. 37, As expected, pressures are lower and impulses higher
at the larger radius, so that in the pressure-impulse plane (Fig. 38)
the characteristic time to is larger for the larger charge radius,
apout 90 Bsec at 4 feet compared to about 40 Hsec at 2 feet. The curves
in ?ig. 38 converge toward each other at larger pressures, giving a

smaller difference in to.
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FIG. 37 PEAK PRESSURE AND IMPULSE VERSUS CYLINDRICAL CHARGE DENSITY

No theoretical celculations have been carried out to compare with
these measured pressures, but it is apparent that such calculations are
even more necessary here than for the plane shocks in the preceding
section because model size has a strong effect on both pressure and im-
pulse, For example, the asymmetric pressure~impulse curves in Fig. 31
can be used to estimate loads for model sizes from, say, about 3 inches
tc 12 irches in diameter with only a small error in impulse (see
Section III.6) and no error in peak pressure, By contrast, the data in

Fig. 38 apply only to a 6-inch~diameter model. Without a theory, lcads
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; FIG. 38 PRESSURE-IMPULSE CURVES FOR SYMMETRIC LOADING TECHNIQUES
(6=inch~diometer models)

? on other model sizes cannot be estimated; it would be difficult to cali-~

brate the cylindrical charge technique for a range of model sizes with-

¢}

out a theory as a guide. Since the present experiments demonstrate that
S useful quasi-impulsive loads can be obtained using cylindrical charges,

a theoretical program should also be pursued.

2. Symmetric Loads in a Capped Shock Tube

ionger duration loads were obtained using flat charges in the 2-foot-
E . diameter shiock tube with the model pointing down the tube as shown in
Fig: 39. For moderately low pressures the model can be placed on & sting

with a minimum of cross bracing so that the incident blast wave can flow

i3
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(b) TUBE CAPPED, 3/8-inch ABOVE
TUBE FOR VENTING

FIG. 39 EXPERIMENTAL ARRANGEMENT FOR SYMMETRIC
LOADS IN CAPPED SHOCK TUBE
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past the model. Peak preésure is then near the incident pressure. At
high pressures, however. the necessary charge weights using the incident
pressure become cbjectionably large. For example, to obtain an incident
overpressure ratio of 200 (=3000 psi), Fig. 53 shows that the normalized
standoff must be less than R = x/s1 = 0.001. At a standoff x = 10 fee?,
Eq. (25) gives a correspending charge density of w = x/1040 R ~ 10 psf.
For the 2-foot~diameter shock tube this gives a total charge weight of

30 pounds., The actual charge weight needed is probably about twice this
because st these high pressures the self-similar theory overestimates

the pressure. It is very likely that a 60~-pound disk of explosive would
rupture tae l-inch-thick steel wall of the shock tube., Sandia Corporation
Ras obtained incident pressures of 3000 psi using plywood shock tubes

which are destroyed with each shot.lo

To circumvent tnese problems, symmetric loads were obtained here
by using the reflected pressure rather than the incident pressure. This
is done by placing the model against a rigid back piate as in Fig. 39a.
The incident blast reflects from thic pilate so that the model is exposed
to the reflected pressure, Pressure records from this configuration with
x = 18,5 feet are given in Fig. 40. The model is exposed to a short part
of the incident pressure as well as the reflected pressure, but the inci-
dent pressure is much lower (about one-fourih that of the reflected
pulses in Fig. 40) and the duration is quite short (the time for the
shock to traverse the model and return from the back plate). At the
preszsure gage location, 5.2 inches from the back plate, this time is
0.5 msec compared to a total pulse duration of about 3 msec. The impulse
under the incident pressure toe is negligible, 25 is seen in the inte-

grated pressure traces in Fig. 40,

Peak pressures and impuklses from these pulses are plotted in
Figs. 41 and 38, Figure 38 shows that a pezk pressure of 20060 psi can
be sbtained with a charge density of only 2 psf. The lowest pressure
obtained here was about 300 psi, but pressures as low as 50 psi, the ex-
treye of current interest, can easily be obtained with zmalier charges.
Therefore no apparatus was built snd no tests were run with the model .

supported on a sting.
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(c) w=106psf (SHOT CT-13)

FIG. 40 INCIDENT AND REFLECTED
PRESSURE PULSES IN CAPPED
SHOCK TUBE (sweep rate 1 msec, cm)
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DENSITY IN CAPPED SHOCK TUBE

Peak pressures are lower here thGn the lateral load pressures in
Fig. 30 because the initial snike occurs only at the back plate and is
lost by the time the reflected shock has traversed back to the gage
locztion. The impulses here are about 1.5 times the lateral load im-
pulées in Zig, 30 (again suggesting that calculation of reflected pres-
sure pulses will give a good estimate of peak lateral loads). Figure 38
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*
shows that the chsracteristic times of the capped 18.5-foot shock tube

puises are near 1.9 msec.

3. Recommendations for Future Work

Figure 33 alsc shows that there is a wide gap in pulse times from
tozz Q.1 msec for 4-foo%-diameter cylindrical charges to to = 1.5 msec
for the 18.5-foct shock tube. The most convenient method for obtaining
intermediate durations would be to use the shock tube at smaller etand-
offs as was done £or asymmnetric loazds. The minimum standoff for a 9~
inch~long mocdel is probably about 5 feet because of difficulties in ob~
taining a plane detonation and because at smaller standoffs the incident
pressure pulse and shock decay along the length of the model becomne
significant. Assuming that pressure in the reflected shock drops off in
proportion to the total distance traveled, for a 0, 75-~-foot~long struc-
tural model and a 5-foot standoff the pressure will drop about 13 percent
along the length of the model., This drop is well within the overall
accuracy of vulnerability aasiyses. Probably more important, at small
standoffs the duration of the incident pressa:r: toe (see Fig. 40) will
becone a sizable fraction of the overall pulse duration. Measurements
of pressure pulses at various stations along the model should be made

at smaller standoffs to investigate these effects.

Assuming that acceptable pulses can be obtzined at a 5~foot stand~
off, a 1line has been drawn in Fig. 38 shifted to the left by a factor
of 4 from the 18.5-foot shock tube line. A sizable gap stiii remaing
between this line and the pressure-impulse curve for 4-foot-diameter
cylindrical charges. One possibility for providing pulsas in this re-
maining region would be to make larger cylindrical charges with xigid
plates at each end to reduce the amount of explosive needed. Once aga:n,
there is 2 need for a theoretical investigation of the diameters and
charge weights needed for verious diameter models, anrnd ¢f the stability

of skock converzence for larger diameters.

*
Shosk tqpe length was decreased from 20 to 18.5 fe.t because it was

recessary to penr in a block of concrete to seal ¢ho base of the tube
against water leakage.
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SECTION V

LOADS OF OTHER DISTRIBUTIONS AND PULSE SHAPES

As discussed in the introduction, the basic approach proposed for
determining structural response and vulnerability to transient surface
loads is to test struciures with pressure distributions and pulse shapes
that simulate the principie features put not all of the detail, of
actual loads, Indeed,the actual loads are often not known and the
number of possible loads at various target orientations is too large
to contemplate examining each in detsil. Instead, response is examined
under a basic set of asymmetric and syrmetric loads and taen under
loads perturbed from these basic loads. If significant differences in
response to the perturbed loads are cbse>ved, then vie know that response
to ; more‘extensive set of basic¢ ioa:is must be examined. If response
to the perturved loads does not differ significantly from the basic
load response, then we are more confiGent that the basic loads chosen

contain the significant features that influence response.

In this section we examine a few methods for changing pressure
distribution and pulse shape. The experiment ar. merely exploratory
because an extensive study of load variations should be closely coupled
with the study of structural response, This is the subject of continuing

research,

1. Changes in ILoad Distribution

For impulsive loads from contact charges it has been common practice
since the inception of these techniques to obtain smoothly varying dis-
tributions of interest by varying the explosive thickness, or equivalent
thickness, around the test object. A logical quesiion is whether similar
methods can be used to very the distribuéibn in quasi-impulsive loads,
Since quasi-impulsive loads are obtained here with sheet charges some
distance from the model, the shape, ss well as the thickness (density)
in the charge, can be varied. Here we will deccribe a few experimants
“o examine the influeace of charge shape and dengity variation on load

distribution,
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Two sets of quasi-impulsive leoad distrionution experiments were per-
formed. In the first, sheet charges of constant density were applied at
rarious curvatures, and in the second,; both curvature and density were
varied, In both sets the general layout of the experiments was ag

illustrated in Fig. 42 for the constant density charges, These were

6in. diam CYLINDER
MID-SECTION GAGES
INDICATED

L—;— 6t =}
{ARC LENGTH OF ALL CHARGES)

{
c
ic) P 2948-123

FIG, 42 EXPERIMENTAL ARRANGEMENT FOR CURVED CHARGES
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made st w = 0,0143 psf using 25 grain/ft Primacord on 3-inch centers.
The charges were all mede 6 feet square at a standoff of 1.75 feet (the
standoff of the 4-foot~dismeter cylindrical charges). Four curvatures
were used, from flat to a semi-cylindrical rorm, with the distance a
in Fig. 42c constant between charges.* The charges were initiated from

a central detonatoxr at the top in Figs. 42a and b.

Pressure distributions from the constant density charges are plotied
in Fig. 43. The curve for the flat charge is of the same family of
curves discussed in Section III and is described approximately by the
cosze distribution in Eq. (23) (the pressure in Fig. 43 is abocut 20
percent higher at § = 45° than given by Eq. (23)). As the curvature
is increased the pressures toward either side of the model are increased
as desired, but the converging shock at § = 0o causes this pressure to
increase alse. The net effect is a more gradual pressure distribution
than for the ilat charge but still, sven for the 2,7-foot radius charge,
the pressure at § = 67.5o is 300 psi, only 65 percent of the pressure
at @ = Oo. However, if this distribution is compared with the distri-
bution from the flat charge that gives the same peak pressure (the
dashed curve in Fig, 43), the flat charge distribution is much steeper
{as also seen by the increase in tbe ratio of Pr/pi in Eq. (23)).

The flat charge pressure at 0 = 67,5o is 137 psi, only 31 percent of

the § = Oo pressure, compared to 65 percent for the curved charge.

From these results it is concluded that significant variations in
pressure distribution can be obtained using variations in curvature alone,
Zven broader variaticns can be oktained by varying both charge density
and curvature., Figure 44 gives u« diagram of the variable density chaxrxges
used to demonstrate this possibility. The density distribution is ap-
proximately linear from zero density at the center to a maximum density
at the edge. Two shots were fired with this distribution, one flat and
the other semiclircular, both at a standoff of 1.75 feet as in Fig. 42.

&
Pressure records from the semi-cylindrical charge at constant density
0.0143 psf were lost because of difficulty in estimating proper oscil-
loscope settinge.

71




.t e T e L o e

~; " . The resulting pressure distributions are given in Fig, 43. The distri-
- bution from the flat charge is very nearly the same as the disiribution
from a uniform rlat charge at the same average density, 0,057 psf, The
-2 distribution from the curved charge is markedly different from any of
1;;‘ the other distributions, with a maximum pressure near @ = 1800, at a
value about 40 percent higher than the pressure at o = Oc. In another
shot, using & lire charge (i.e., a purely cylindrical blast wave ex~
panding from the charge), which represents the opposite extreme in
charge density distribution, the pressure distribution was essentially
the same as from the flat variable or flat uniform charges.

- — FLAT CHARGE TO PRODUCE —
3 - SAME PEAK PRESSURE —
: 500 b {SEE FIG. 21) —
, , T 'c's\"

‘ /2711 CHARGE RADIUS _
”‘

i —

57ft CHARGE RADIUS

w
PEAK PRESSURE — psi

.

{ 20 e n—d
£ 10 L ] I ] L ] \l\

] o 20 40 60 8¢ 100 120 - 180
(: 8 — degrees A~ 5838-128
i . FIs. .43 PRESSURE DISTRIBUTIONS FROM UNIFORM 0.0143-psf CHARGES

AT YARIOUS CURVATURES
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FIG. 44 CONFIGURATION OF VARIABLE DENSITY CHARGES
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5
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160 | 1 '
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FIG. 45 PRESSURE DISTRIBUTIONS FOR FLAT AND SEMICYLINDRICAL

CHARGES OF VARIABLE DENSITY (in Fig. 44)
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The similarity in distribution frum line charges and from uniform
flat charges is to be expected becnuse the shock radius at initial
contact (1.75 feet) is large compared to the model radius (0.25 foot).
The similarity to the distribution from the nonuniform flat charge is
more surprising and apparently occurs because the standoff, although
smeller than the half..width of the charge, iz sufficiently large to
allow the stronger shocks from the outer region of the charge to over-~
take and coalesce with the weaker shocks from the center of the ckarge.
These resulty demonstrate that even at standoffs as small as 1,75 feet
from a 6-inch-diamater rxcdel, charge curvature is more important than

charge density distribution in determining load distribution,

Nevertheless, if the variable density charge is curved, the
variation of charge density then has a significant effect on pressure
distribution because coalescence into a singie, ne&rly plane shock no
longer cccurs, It is apparent from Figs. 43 and 45 that with appropri-
ate adjustment of curvature and density, pressure distributions can be
obtained ranging from cosze over one side (from & uniform plane shock)
to a uniform pressure on one side and a rapid pressure decay over the
back side. Application of these distributions, along with the uniform
distribution, should be sufficient to establish the sensitivity of

structural damage to pressure distribution in quasi-impulsive loads.

For quasi-~static loads, completely different loading schemes
mist be used to vary distribution, since the only variables open in
the flat charge technique here are charge density and standoff. ‘Theue
affect mainly peak pressure and impulse and have already been used as
the variables for producing the basic set of loads. One loading scheme,
which conceptually allows any desired pressure distribution,is a set
of veried chambers surrounding the model, with radial and axial vanes
to ailow separate adjustment of the pressure in each chamber. Develop-

ment of this scheme would be relatively complicated and should await

to see how vigorously it sheuld be pursued.
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2, Changes in Pulse Shape

Pulse shapes were examined for shock tube loads to compare the

pulses obtained from three methods of charge makeup in current use,

These are (1) flat charges; (2) uniform charges of finite length, giving
a reservoir of gas at a ''constant” high pressure, as in conventional
shock tubes; and (3) charges of finite length, but having a variable
density to give a decaying shock.

The effect of the length of a uniform charge was studied first,
using the charges shown in Fig. 46, placed at the base of the 20-foot
shock tube. Charge length varies from zero (flat) to 6 feet, with
total charge weight held constant. Pressure pulses from these charges,
at @6 = 0° on the 6-inch-diameter model, are shown in Fig. 47.* Peak
pressure decreases from 2100 psi for flat charge to 830 psi for the
6-foot charge, but impulse remains essentially constant at 100 ktaps.
For the 6-focot charge the "steady’ drag pressure of about 160 psi is
clearly seen, extending from t =1 to t = 4 msec after the initial
shock, Also, at ¢ = 2.] msec a jump in pressuéé occurs, For the
3-foot charge a "steady” drag phase is apparent, but it lasts for only
about 1 msec and is indistinct, - The second jump in pressure occurs
earlier, at about t = 0.8 msec. For the 1,5-foot charge there i§ ne
stesuy flow and the pressure jump occurs at about t = 0.25 msec.
Finally, for the flat charge there is neither steady flow nor a second
Jump in pressure; the pressure merely decays smoothly from 2100 psi,
with four small pips probably raused by leteral reverberations in the
tube,

These experiments demonstrate that pressure pulses from finite
length charges differ considerably from the smooth pulses expected from

most weapon effects. The source of the secend precsure jump is not

T A ARt e . Coioain
s L DI SRS A

known but it obviously depends on charge length. For these charges, -

W

R

* N o - "
. The quantity o given in Fig. 47 is called "churge reiio and is &
J measure of the local (shock tube) volume density of the charge in
multiples of the density of air in the tube,
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(b) L=15f1, 32 STRANDS (¢) L=3ft, 16 STRANDS

FIG. 46 SHOCK TUBE CHARGES OF VARICUS LENGTHS (c!l mode
of 400 grein/ft Primacord, total weight 2.74 |b for eoch)
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(c) L=3ft, a=4.0 (SHOT i03) (d) L=6ft, @a=2.0 {SHOT 100}

FIG. 47 SHOCK TUBE PRESSURE PULSES F{". VARIOUS LcwGTH CHARGES
OF SAME TGTAL WZIIGHT (5weep rote 1 msec/cm)

total impulse appears to deperd only on the total amount of gas that
flows parnt the model, independent of how it is generated.

Variable density charges have been proposed for producing decaying
rather than steady flow in shock tubes. Schematic diagrams of three
such charges are given in Fig. 48 along with the corresponding pressure
pulses. In each case the charge is made most dense near the model, st
o = 2, with succe=ding cherge sections st =1 and g = 0.5. In each
case the pressure is roughly exponential as desired, but the pulses are
not smooth, probably because of the sudden changes in charge density.
This is most appzarent in Fig. 48c in which the front ci the charge was
only 8 feet from thz model, allowing little time for discontinuities to
smooth out. In no case is the pulse as smooth as from simple flat
charges. It is concluded that while variable idensity charges produce
useful loadsg, flat charges are superior and should be used if the shock

tube can sustain the high local pressure near the charge.
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3.5'{ 8 STRANDS | 1.601b,

35| 4 0.801b,

2.4Gtb

3’| 8 STRANDS | 13718,

3 4 0.59th,
3 2 0.34 ig,
2.40%

4’| 8 STRANDS | 1.82 1,
4! 4 ~ 0.811b,
a2 0.4614,
Lﬁl S——
3.201

{c) THREE CHARGE SECTIONS, TOTAL LENGTH i2f:

(sweep rote 1 msec/cm)
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SECTION VI

THEORY OF BLAST WAVES FROM INTENSE EXPLOSIONS IN A PERFECT GAS

1. Introduegigﬁ

Calculation of the diffracted pressures around the cylindrical
models discussed in the preceding chapters is beyond the practical means
of even the most advanced computer methods. Examples of the shock waves
and vortices arcund the cylinder have been examined experimentally by
Bleakneyl1 and give a graphic demopstration of the complexity involved.
However, the peak pressure and impulse at the lesding edge of the cylin-
der can be estimated if the free-field blast wave is known, For blast
waves of morlerate duration, in which {he flow around the cylinder is
dominated by the diffraction phase, the peak pressure is the reflected
pressure of the incident wave and the impulse is a significant frzction
(of the order of 1/2 in many of ‘the experiments reported here} of the
reflected impulse from a flat, rigid waill. Both of these quantities are
relatively easy to calculate. For blast waves of long duration the
initial peak pressure is still the reflected pressure, b1t it decays in
such a short time relative to the total blast duration that for struc-
tural response it is of secondary interest, For these blast waves it
is useful to tssume that at each instant the flow can be treated as
quasi-steady at the instantaneous pressure, particle velocity, ard den-
sity of the incident wave., Thke peak pressure to which the reflected
pressure decays is then the drag pressure and the impulse can be esti-
mated from a quasi-steady integration using wind tunmnel data on steady

flow past cylinders.12

Perhaps more important than enabling one to estimate the absolute
magnitude of surface pressure pulses, these simple calculations give a
means for establishing the trends to be expected from diffraction pulse
measurerents such as those given in the preceding sections. They can
shdw; for example, the manner in which peak pressure and impulse will

vary with charge size and distance-to~-charge, and the gain to be expected
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in going from spherical to flat clarges. Such calculatioas nre giveit in
Section IXI. For symmetrical implosion from a cylindrical sghest of ex-
plosive a relatively simplie one space wsriable theory can give the com-
plete pressure pulze,

The present section treats blast wave theory iu an jideal gas with
these ends in mind., Section VI.2 summarizes the existinmg self-similar
solutions for explosiors in spherical, cylindrical, and plane geometries,
Section VI.3 gives an spproximate theory for the nonself-similar motion
of the shock wave, taking into account the initial pressure in front of
the sheck, Section VI.4 gives suggestions for fruitful extensions of

this effort.

2. Summary of Self-Similar Theory

The theory of blast waves from intense explosions in a perfect gas

cen be Jound in advanced texts on fluid mechanics,13’14 but it is so

furdamental to the interpretation of the present blast iload experiments
that we give it here in brief form. To aid in the calculation of blast
wave parameiers, pertinent pumerical resulis for spherical and plane

biest waves are also given.

a. Characteristic Length and Self-Simdlarity

The explosion is visualired as a sudder relezse of & finite

energy E_, in a small (spherical) voiume of gas, giving in the limit

an infinj:e energy density at the mathematical point of the explcsion.
Aeg the gagr expends away from the point of energy release it drives an
intense spherical shock into the surrcunding undisturbed gas. The
average energy per unit volume withir the expanding sphere Jdecresses,
eventually becoming comparable to the enmergy density in the undisturbed

*
ambient gas, initially at pressure P and deasity pl. For example,

*Host of the ges and energy are contained 2z g thin iayer immediately
behind the shock, but the average energy decresse with increasing

volume still gives s measure of the local energy density decrease. Alsc,
the apperent release energy Ez is related to the chemical energy
release through a complex process not treated here, Brode® showed that
pezk pressures from the self~-similar theory are matched {in its range of
valicgity} to numerical calculations for spherical exnlosions from TNT
by-taking Ej equal to the explosive releuse energy. The sswe result
was found by GoodnanlS using compiled data from experimental pressure
measurexents.
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in a perfect gas with specific heet ratio vy, the ambient gas has an

internal energy {(per unit volume) of

Py
RS (27)

e =

The release energy per unit volume of the blast sphere at radius r is

E
— 3
%> 1.3 (28)
3 i1ty

These energy densities are equal at radius

3(y ~ 1)E3 1/3

e = y (29a)
1

Similarly, for a cylindrical explosion from a release energy Ez per

unit length along the axis, e, = Ezlnr” and the energy densities are

equal at

[‘:Y - 1)E, 1/2

re = e r———— ao—— (29b)

L ™
Fcr a plane explosion from a release energy E1 per unit area, ey =

E1/2r and the energy densities are equal at

(y - l)E1

e 2p1 (29¢)

Thus, in each geometry a characteristic length T, can be defined by
1

0 .
r, = S; v (30)
where v =1, 2, and 3 for a plane, cylindrical, and spherical explo-
silons, and it is understood that the release energy Eo has appropriate
units in each case, From the above examples we see that ro is the
blast radius (within a multivlicative constant) at which the release
energy becomes comparable to the initial energy of the ambient gas en-
veloped by the blast, For a one~pound pentolite sphere in a standard

atmosphere, r, = 10.0 feet.
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I1f we confine our attention to the early motion (r < < ro)

the energy density within the blast is so large compared to the ambient
energy density pl/(Y ~ 1) that the ambient energy can be neglected,
Stated another way, near the explosicn the shock pressure is so much
greater than Py that Py can be neglected, Under these conditions

the ambient gas is described by Py alone and there is no characteristic
length., Consequently, with no length as a basis of comparison, the blast
wave at any instant is identical to the biast wave at any other instant,
except for scale changes as the sphere expands--the wave is self-similar.
This similariily greatly simplifies the mathematical treatment because
the flow can be described in terms of & single parameter & which is

an appropriate combination of r and time t, rather than in terms of
both r and t independently, At later times, as r apprcaches ro,
this simplification is no longer appropriate and the pressure Py ahead
of the shock must be considered. This will be done later. Also, the
self-similar theory gives an infinite pressure as x + 0 and is there-
fore inapplicable at small distances from a real explosion., For small

r the mechanism of energy r~elease and the properties of real gases must
be considered, These effects have been treated by several authors, for

example bv Brode.s’9

In the remainder of this subsection we consider that the ambient
gas can be characterized by its density p1 alone so that the blast is
%k
self-similar. In all, there are five fundamental parameters in the self-

similar probiem:

EO’ Dlt Y, T, and t
There are three fundamental units: force, distance, and time. The
fundamental parameters can therefove be reduced to two dimensionless
combinations. These are taken as

1

p N
vy and g= rf—2:) V2 (31)
Et

*
Any other parameter can be expressed in terms of these.
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The specific heat ratio Y is a constant for any given problem so that
€ 1is the single independent variable, demonstrating the self-similar
nature of the preblem. The dependent variables of primary interesst are

the pressure p, density p, and particle velocity v.

b, Motion of the Shock Front

Before attempting to describe the complete flow within the
blast sphere, let us examine the motion of the shock front and the
values of p, p, and v Just behind the shock., At each (and every)
instant the pregsure wave appears as shown in Fig. 49, in which both
p and »r have been normalized to their values P, and T, at the
shock front. Since & 1is the only independent variable, each relative
position behind the shock corresponds to a value of € and, in particu-

lar, the position of the shock itself corresponds to a unique value go.

1.6 {

y:14 PLANE
CYLINDRICAL

S SPHERICAL

0A~39385-33

FIG. 49 PRESSURE DISTRIBUTION
IN SELF-SIMILAR BLAST WAVES
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From Eq. (31) the position of the shock is then

1
Eotz w2
ry= g | — (32)
Py ]
and the velocity of the shock is V2
2 2
dr r 28 g \Y2 -
ve 2= (2 )2 . [} . 2 (33)
dt v+ 2] t v+ 2 oy 2

The variables at the shock front can then be calculated directly from

the strong shock relations
2
. 2p.U
_ 2y - y+1 = 1
V25 T+1 ! Pg = (Y-1>p1' P, = 731 Y

For example, the pressure behind the shock is

2

v‘.

8E_§,

Py = 2 )
(v+ 2)Y(y+1) r

-

(35)

N <

Thus, using only dimensional analysis, all of the quantities at the

shock can be determined witkin an unknown constant which can be deter-
mined by a single experiment. The dimensional analysis also shows that
if all of the flow variables are measured as a2 function of time at a
single radius from any single expiosion, these data can be used to calcu-~
late the complete flow for any other combinatinn of charge and radius, so

long as the self-similar approximation is valid.

In the next section it will be convenient to use nondimensional
dependent variables v’, p’, and p’, defined using Eqs. (32) and (34) such
*
that they are unity at the shock front.

*
This normalization and the subsequent self-similer solution follow that
given by Landau and Lifshitz,14 based on the original work by Sedov. 3

The self-gsimilar problem was also solved independently by Taylor,16 and
by von Neumann. }

84




- 4 T,
VE BTG+ D T

¢

= .Y..L&. 4 36
) 1 (Y 3 ° (36)
8 4
Dl 1‘2 ’
P = ) “3 P
2+ Wiy+ 1)t
c. Flow Behind the Shock
The equations for gas flow behind the shock. are

v, v, 13p_

3t + v 3T + 5 ar 0

0 - - -

3t + (ar +v=1)(pv) =0 (37)

The first results from Newton's second law, the second from mass con-
tinuity, and the third from assuming the flow is isentropic in a perfect
gas. The solution to these equations is simplified by observing that

the first equation can be replaced by an energy integral which can be
found immediately for the self-similar problem. This follows from the
observation alreacdy made -that in the self-similar problem the energy in
the undisturbed gas can be neglected compared to the energy Eo released
by the explosion; the total energy within the blast therefore remains
constant, Furthermore, since we have a gimilarity flow, the energy of
the gas inside any sphere of a smaller radius, which increases in such

a way tkat €& = any constant (not only go), must remein constant; the
radial velocity of this sphere, from Eq. (31), is v, = 2r/5t for v = 3.
To express this in terms of the flow variables, consider an incremental

expansion as shown in Fig., §0. Particles that leave the sphere with
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FIG. 5 INCREMENTAL EXPANSICN OF AN ARBITRARY SPHERE
WITHIN THE BLAST WAVE .
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velocity v bring with them an energy 4111'29 v dt (w + v2/2) , where
the enthalpy w 1is the internal energy plus the flow work per unit

mass:

- P L P _-__PY ~

w = o 4 2 == + = 38

Se ply-1) p ply-1) (39 §
If the totel energy within the sphere is to remain constant, this must
be equal to the energy in the incremental volume swept out by the ex-

paniling sphere: 4‘\1’1’29 undt (e + v2/2). Equating these energies gives

2 vz
vw+%—=une+§— (39)

1 This same equation results in all three geometries, since the area
3 factor (4rw’ heve) divides out. Using u_ = 2r/(v + 2)t from Eq. (33)

and the dimensionless variables in Eq. (36), this energy balance gives

[ ’ = oy tyy 12
p 2Yv' -Y - 1
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in all three geometries. Converting the last two equations in (37) to
the primed dependent variables, and independent variables £ and, say

t/ =t (in order to properly differentiate r/t in Eq. (36))yields

dv’ (v' X+ 1) d log p' -

d log § * 2 d log §
(41)
4 4
3 (105 2=} = (v * %)(V t 1) - 4v
d log £ sz 2v! -~ (v + 1)

Thus the three partial differential equetions (37) have been reduced to
an algebraic equation (40) plus two ordinary differential equations (41).

To solve these equations it is convenient to treat v’ as the
independent variable rather than & bkecause derivatives of £ and p'
can be expressed as functions of v’ alone, These can be integrated by
quadrature., After labe:z..uas manipulation thic procedure gives explicit
solutions for § and p' in terms of v’ which, together with p'
from Eq. (40}, completes the solution of the problem. The resulting
equations are elementary Yut lerngthy; they are given in Ref, 14, p. 395,
for spherical geometry and in Ref. i3, p. 219, for all three geometries.

The parameter go(Yi is determined such that the total energy
in the gas is equal to the energy Eo of the explosion. (The relation

between Eo and the explosive yield, however, remains unknown without

2

o
= L AN .
E, /(2+Y_1Adr (42)
o

where A = 4nr2 for spherical waves, A = 2yir for cylindrical wvaves,
and "A = 2 for plane waves. Sedov,13 instead of finding go from

Eq. (42), defines an artificial energy E = Eo/a to be used in Eq. (32)
such that € = 1 at the shock front and ¢ is found trom Eg. (32). The
‘two:parameters are related by ¢ = §°_(v+2). In this notation X\ 1is

used in place of E, Figure 51 gives Sedov's curves for  versus Y
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for all tkree geometries. For air (y = 1.4), o = 1.075, 1.00, and 0.85

for plane, cylindrical, and spherical geometries, respectively.

d. Incident Pressure Pulses from Self-Similar Solution

Sedov also gives p/pz, p/pz, and v/v, as functions of

A= r/r2 behind the shock in all three geometries, For use in blast

load calculations we need to find p, p, and v as functions of time

at a fixed radius. r_. Here we find the incident pressure pulse p(t),

the quantity of most interest for estimating diffracted pulses from
available data. From Eqs. (35) and (32) the peak pressure is

SEO 1
pf = 3 . '—\; (43)
alv + 2)7(y + 1) e .
at time - 1/2  uvi2
t, = -E?-}- r 2 (44)
£ Eo f
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has continued past r = rf and

has decayed because both pf/p2 (see Fig. 49) and

At 2 later time t the shock front r2

the pressure at T,

Py decrease with time. We define a normalized pulse time <+ after the

shock has passed according to

M2
t-t r 2
T = y £ = (5 - 1 (45)
f 2

in which Eq. (32) has again been used. The pressure at 7T is

B A NES
p(1) = P, >, = P -i,—z- P, (46)

Equations (45) and (46) are parametric equations for p and 1t with

rf/r2 as a parameter. We can now replace r_, by r without confusion

b 4
so that these equations become
vi2
T T2
F= A Z-1 R - 3% ) (47)
Pge v

where Pv(l) is p/p2 vs., A= r/r2 as tabulated by Sedov,13 pp. 222-

223, and given here in Fig. 49.

Curves of p('r)/pf are given in Fig. 52 for v =1, 2, and 3.
The general shapes of the curves do not differ appreciably for small 7,
but for large 5 the pressure decays more slowly in cylindrical and
plane geometry than in spherical geometry. The difference is particularliy
evident for plane geometry. {(See also Fig. 6 for a comparison with the
time scale for the plane wave compressed to give close agreement at early
times.) For 1 >>1 the limiting forms of Eqs. (47), along with the

observation that Pv (). = 0) are constants, yield

-2
p(1) P(O) 7 w2 (48)

Pg

-2/3 1 .

Thué, for large times the incident pressure decays as t ’ t , and

t"°/5 in plane, cylindrical, and spherical geometries,
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3. Shéck Front Motion into an Initial Pressure

In the remainder of this section we will treat blasc waves taking
into account the initial pressure {and energy) of the ambient gas ahead
of the shock front. As in the self-similsy theory, determination of the
motion of the shock front is relatively simple and wili be undertszken
before the complete flow behind the shock is studied, Since we include
now the energy entering the bYi.uyt sphere as it envelopes the surrounding
gas, the shock will decay less rapidly than in the self-similar theory,

in which the total energy was taken to be constant.

A method for finding a first (and second) approximation to the
wmodiiied shock froat motion was suggested by Korobeinikov.18 He com-

pared the dependence on r, of the particle velocity v, just behind

2 2
the shock front as given by the self-similar theory (valid for small

_rz) and by the asymptotic theory of Landau14(pp. 375-377, valid for

large r2) and observed that there was little change in this dependence.
This is demonstrated in Table I. On the basis of this observation, he
suggested that for intermediate values of r

2
be taken from the self-sim:lar theory and then the shock velocity U can

the particle velocity can

be calculated from the particle velocity jump condition scross the shock.
Using this modified expression for U the pressure P, and density Pa

car then be determined from the other two jump conditions.

Table 1
DEPENDENCE OF PARTICLE VELOCITY Vo ON SHOCK RADIUS r,
Geometry
Theory v=1 v=2 v=3
plane | cylindrical spherical
. -1/2 -1 -3/2
Self-similar T, r2 T,
T
-1/2 -3/4 -1 -1/2f "2
Acoustic shock rz r2 r, 1cz (;;
-
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Congervation of mass, momentum, nnd enexrgy across the shock give

the following jump conditions for a perfect gas:

Ya_ 2 [¥-2

cl‘y+1 M

;,2 2-

~£ 1= 2l af . (49)
p] v+ 1

Po_ Gy

T R O

expressed in terms of shock Mach number M, JdAfined by

M:%-, ¢ = 2 {50)

r 4

where Sy is the sound speed in the ambient gas anead of the shock.

Using Eqs. (33) and ¢{34), the particle velocity from the self-similar
solution is

1/2
4 Eo -2
2” GFoN+D an, Ta (51}

-(2+2)

in which we have used Q= go . Since we ntw take account of

Pyr it is convenient to express r2 in terms of the charscteristic

1
length r, = (Eo/pl)‘/v, giving a dimensionless shock radiuz &,

R = (52)

0"t |ss?

Using this definition and c1 from Eg. (5G), the particie velocity is
expressed by

|s*

4R-v/2

= {53)
1 (v + 2)(y + 1)(ay)1/2

0
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Combining Bq. (53) with the first of Eqs. (49) gives the desired ex-

mression for shock velocity:

=
)

o>
+
>
+

-t

(54)

where

5 (55)
ay(v + 2)

Yubkstiteting Eq, (54) into the second of Eqs, (49) gives the decay of the

shock overpressure with distance.

p - ’
2oy A a2, (1+4A 2)1’2 (58)
pl Y + 1

The limiting form for small radius R (larp ez 4) is

D -V
P Y alv + 2)%(y + 1)

4 After multipiying by Py and taking p1 - 0, this is seen to coincide
with the gelf-similar formule (35}, The density py can be similarly

found.

For large R the self-similar particle velocity (51) becomes z
poor approximation for cylindrical and spherical waves (see Table 1).
In this range the small disturbance expressions ... “aible I can be used,
matching the large and small R expressions at some intermediute value,

For example, in the spherical case Korobeinikov matches them at R = 2

to obtain
) ( 4R—3/2 X <o
v, 5¢y + 1) (ay)> 2
' 2 (58)
s Y 10g(r/2) + 1]7Y/2 -
[ s(y + DezenY/? ‘
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Gimilarly, for cylindrical blast waves we take

R-l

(v + 1)(aY)1/2

o, <
[N §X)
1

R-3/4

1/2

21/4(\( + 1)(ay)

Using these exnressions, the incident overpressure throughout the entire

range of R is given by Eq, (56) with the following expressions for A_2:

-

V=1 Plane waves

-2
= Qg
(o = 1.075 for y = 1.4) A CayR
160yR>
=2 Cylindrical waves A-2 -
(0. = 1.00 for vy = 1.4) 16 /2 GNR3/2
250_YR3
v=3 Spherical waves A-2 =
(oo = 0.85 for y = 1.4)

The reflected overpressure ratio is given by

500yR>Len(r/2) + 1]

;
25 - .(2P + l)pz/p1 + 1
P, l»lpz/p1 + 1

where # = (y ~ 1)/(y + 1),

Figures 53 and 54 give curves of incident and reflected overpressure

ratios from these equations. Also shown are (dashed) curves from com-

piled data on spherical pentolite explosions, taken from Goodman.15

approximate theory matches identically with the experimental data for
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R>0,21if E° is calculated on the basis of 1430 cal/gm (pressures
were measured only out to R = 7)., At smaller radii real gas and ex-
plosive properties become important and the measured pressures are
smaller than predicted by the self-similar theory. At larger radii
other mechanisms of wave damping, such as viscosity, become important.
However, the range of validity of the approximate theory is quite broad,
giving reliable reflected overpressure ratios from about 0.1 to 10 =a
useful range for quasi-impulsive structural response. This excellent
agreement for spherical explosions gives some confidence in using the
approximate solutions for cylindri.al and plane blast waves, for which

few experimental data are available,
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4. Future Theoretical Program

In order to determine the pressure-time history behind the shock,
the complete flow must be calculatea. Although extensive calculations

8,9,13

have been made for spherical blast waves, the authors know of no

published results for plane waves other than the seif-similar curves of
Sedov13 which were used here in Section V1.2, The usctulness of plane
bilast waves in structural testing, as demonstrated in the preceding
sections, gives sufficient motivation for making plane wave calculations.
The calculations should include a complete description of both the flow

behind thé shock #s it moves out from the explesion and the reflected




wave from a flst, rigid wall at a sequence of values of R. The reflected
pressure~time histories would give a first estimate of the diffracted
pressure~time history on structural models and an upper bound on the im-

pulse,

These calculations could be made using the self-similar solution as
initial conditions at a radius small enough that the ambient pressure
can be neglected, as was done in the spherical problrem.8 Similarly, the
self-similar theory could be used to start the calculations for the im-
plosion-~explosion problem from cylindrical sheet charges. 1In this case
the reflected pressure pulse at the rigid cylindrical boundary (model)
would be the true model pressure within the accuracy of the theory. Such
calculations would ailow relatively inexpensive determination of peak
pressure and impulse as functions of charge diameter and thickness for
various model sizes. They should be accompanied by an investigation of
the stability of the implosion process, which defines the allowable pa-

rameters for acceptably swall pressure fluctuations.
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